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ABSTRACT
Manure application is an age-old process used by agriculturalists to fertilize the
soil.  In the past, manure application has been loosely based on the N need of the crop. 
However, this can lead to the potential over-fertilization of P.  Long-term manure
application has been shown to increase total soil P concentrations as much as eight fold. 
This study was conducted in order to determine the effects of long-term manure
application on P characteristics of Tennessee soils.  A total of 10 farms located in the
various physiographic regions of Tennessee were sampled.  Four of the farms received
swine, three dairy, and three poultry for time periods ranging from 10-50 years.  There
were three main objectives for this study to (1) evaluate the chemical and microbial
characteristics of the selected long-term manured fields, (2) compare various extraction
techniques for determining bioavailable P in long-term manured fields, and (3) evaluate
the use of a P-index for predicting site vulnerability to P movement.  We found that
manure application significantly increased the majority of the soil P fractions measured. 
However, manure application did not have a significant affect on the microbial
characteristics measured.  The extractable P concentrations of the sampled fields varied
depending on the extraction procedure used, manure application, and depth of sampling. 
Both versions of the P index studied predicted sites that were vulnerable to P movement,
however additional research is necessary to better evaluate the P indexing system and
how it correlates to actual P movement off-site.  
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1Part 1:
Introduction and Literature Review
2Land application of animal wastes has been used by agriculturists for centuries to
improve the fertility of their soil and dispose of the waste.  As a fertilizer, animal manure
can be a valuable source of N, P, and other nutrients.  In the past, manure application has
been based on the N-need of the crop.  However, this practice could potentially lead to the
over application of P and in turn can lead to soils with high concentrations of total P.  The
percentage of agricultural soils that test high or excessive for P, in areas of livestock and
crop production, has increased over past years (Sims et al., 1998)  Soils with excessively
high concentrations of P at great risk to erosion and runoff create a threat for
eutrophication of surface waters.
In recent years, the identification and control of point sources of pollution have
become much easier.  Therefore, agricultural runoff, a non-point source, is now
considered the main contributor of excess nutrients to surface water.  The USEPA,
assisted by State reporting agencies, has identified agricultural runoff as the cause of 
recurring water quality issues for 55% of surveyed river length and 58% of surveyed lake
areas (Sharpley et. al., 1994).  Eutrophication is a natural process, however it can be
accelerated by the addition of nutrients, specifically the limiting nutrient, to a body of
water causing stimulated growth of algae and rooted aquatic plants.  The decomposition
of the plant tissue, by aerobic microbes, causes the oxygen levels in the body of water to
decrease below the necessary limit for survival of aquatic organisms.  Eutrophication can
severely limit the use of surface waters for fisheries, recreation, drinking water, and
industry (Sharpley et. al, 1994).
Due to the effect that P in agricultural runoff has on accelerated eutrophication,
3some states are proposing total maximum daily loads (TMDL) for Pt.  For example,
Florida has proposed a TMDL of 0.04 mg L-1 Pt for Lake Okeechobee.  The purpose of
the TMDL is to identify the maximum load of Pt for the lake to meet nutrient water
quality standards and maintain the Lake’s condition once it is restored (Environmental
Protection Agency, 2000).  This same TMDL for Pt can not be used in Tennessee because
of the differences in P concentrations of the soil and water.  In fact, N has been shown to
be more of a limiting nutrient than P for eutrophication in Tennessee surface waters.
The majority of Tennessee surface waters fully support aquatic life uses, 73% of
rivers and streams and 90% of lakes (Environmental Protection Agency, 1998).  The main
pollution problems associated with Tennessee rivers are siltation, habitat alteration,
nutrients, oxygen-depleting substances, and pathogens.  In Tennessee lakes, nutrients, low
dissolved oxygen, metals, flow alteration, and priority organics have been shown to have
the greatest effect on water quality (Environmental Protection Agency, 1998).  The
average dissolved P concentrations for 11 Tennessee surface water bodies measured from
1980-1995 was 0.03 mg P L-1.  The total P average for the same water bodies was
measured at 0.06 mg P L-1.  This shows that the TMDL suggested for Lake Okeechobee
would not be suitable for Tennessee waterways, because the Pt content of the waterways
is already above the proposed TMDL. Table 1.1 contains the average dissolved and total
P for each of the water bodies measured form 1980-1995 (Alexander et al., 1997).
The management of the nutrient content of agricultural runoff is a key aspect of
improving the water quality of Tennessee waterways.  The P content of Tennessee soils
under various agricultural techniques is needed information in order to provide Tennessee
4Table 1.1. Average dissolved and total P content of 11 Tennessee water bodies
measured from 1980-1995 (Alexander et al., 1997).
Water body Dissolved P Total P
-----------------------mg l-1--------------------
Buffalo River near Flat Woods, TN 0.02 0.03
Cataloochee River near Cataloochee, NC 0.02 0.03
Clinch River at Melton Hill Dam 0.02 0.03
Cumberland River near Grand Rivers, KY 0.04 0.09
French Broad River near Knoxville, TN 0.03 0.04
French Broad River near Marshal, NC 0.10 0.20
Holston River near Knoxville, TN 0.03 0.05
Little River at Townsend 0.01 0.02
Tennessee River at Pickwick 0.03 0.06
Tennessee River at South Pittsburgh 0.03 0.04
Tennessee River at Watts Bar 0.02 0.03
policy makers with relevant data for basing agricultural regulations for P.
The amount of P lost to runoff and erosion depends on the time, rate, and method
of application, and whether the source is commercial fertilizer or manure (Sharpley et. al.,
1994).  As a result of long-term fertilization and manure applications, the amount of soil
P is reaching and exceeding the optimum amount needed for crop utilization.  Numerous
states reported in 1989, that of the soils analyzed at state soil test laboratories, the
majority of samples showed high or very high soil test P levels.  Soil test P levels are
evaluated in most states using an extraction procedure.  Each state chooses an extractant
that best suits the majority of the soils in the state and that researchers have developed a
5large database for in the state.
Phosphorus associated with agricultural runoff water is mainly found in the
dissolved P form, while P in eroded soil is found in the particulate P form.  When the P is
dissolved in the soil water it will react with the runoff sediment through sorption and
desorption (Sharpley et. al., 1994).  The loss of particulate P depends on the nature of the
rainfall event and the management practices associated with the field.  The larger the
rainfall event the greater the potential for erosion and runoff to occur.  Also, the potential
for runoff and erosion is greater in soils that are under conventional till systems as
compared to conservation tillage and no-till farming practices.
As the rate of manure applications increases, the potential for P losses in runoff
increases (Sims et al., 1998).  However, the norm of applying manure is based on the
nitrogen need of the crop can lead to an over-application of P. As this practice continues,
P accumulates to levels that are beyond those necessary for plant growth.  As soil test P
reaches very high concentrations, the P content of runoff waters and eroded soil has the
potential to increase.
The very high levels of P can be considered to be environmental hazards and must
be examined.  Currently, the Tennessee State Soil Testing Laboratory uses Mehlich-I, a
double acid extractant, to determine the soil test P level in the soil.  Mehlich-I tends to
extract P from non-labile pools as well as the labile and solution pools of P (Kuo, 1996).
Manured application is a common practice in Tennessee where livestock and
agronomic agricultural exist on the same farm.  Therefore, fields receiving manure
application may contain high amounts of P and may be vulnerable to P movement to
6surface waters by erosion and runoff.  However, there are many aspects of manure
application that are important, such as (a) the rate at which the manure has been added,
(b) the number of years application has occurred on a given field, and (c) the types and
nutrient content of manure being used.  Knowing these parameters can provide a true
measure of the effect livestock waste has on a particular soil.  However, determining
some of these characteristics can prove difficult. Farmers vary their application rate from
year to year and very seldom keep consistent records of manure application.  Also, it has
been found that manure nutrient content is variable and difficult to determine at the time
of application (O’Dell et al., 1995). 
In order to have efficient utilization of manure, it is important to know the nutrient
content and chemical composition of the manure.  However, these properties are very
difficult to determine in a timely fashion due to the heterogeneity of the manure. O’Dell
et al. (1995) conducted a study with the purpose of establishing loading rates for manure
application by determining the nutrient content of liquid swine manure.  Phosphorus rates
were used as the guideline for application.  It was determined that the P content of the
manure was correlated to the content of solids in the manure.  The nutrient content of
liquid manures  was also found to vary within different tank loads and the ability to
determine a precise loading rate is limited because of this variability (O’Dell et al., 1995). 
The concentration of P in manure can also vary depending on several other factors
including animal feed composition, number of animals and length of exposure of animals
to bedding material, and dilution of the manure by cleaning water (Sharpley, 1996).
7Soil P is very dynamic and is continuously being cycled between plant available
and unavailable forms.  Total concentrations of P (Pt) in soil ranges from 0.02-0.5 g kg
-1,
under average conditions.  Phosphorus is cycled through different pools of three main
forms in the soil, inorganic, organic, and solution (Figure 1.1).  Phosphorus is added to
the soil via application of inorganic and manure-based fertilizers.  This added P is quickly
removed from the soil solution and becomes bound to soil particles (Basta and Peters,
1996).  This is because soil phosphorus strongly binds to particle surfaces and phosphate
minerals tend to have a very low solubility (Rowell, 1994).
The inorganic P fraction (Pi) is the most abundant in the soil and consists of
phosphate minerals and surface-bound P.  This fraction includes the calcium, iron, and
aluminum phosphates.  Approximately, 200 mg P kg-1 is found in the Pi fraction under
average conditions  (Rowell, 1994).  In soils that have been under agricultural practices
for extended periods of time (greater than 50 years), Pi can account for as much as two
thirds of Pt (Fardeau, 1996).
Organic P (Po) is found incorporated into plant tissue, microbes, or as a
component of soil organic matter.  On average, 30 to 50 g kg-1 of total soil P is in the Po
form (Thien and Myers, 1992).  Phosphorus incorporated in plant tissue ranges from 5-15
mg P kg-1.  Organic matter contains, on average, 200 mg P kg-1(Rowell, 1994).  The
identity of much of the soil Po is yet to be elucidated, however several forms have been
identified, including inositol phosphates, phospholipids, polyphosphates, nucleic acids
and their derivatives (Kuo, 1996).
8Figure 1.1. Phosphorus cycle (adapted from Steward and Sharpley, 1987).
Solution P is found as orthophosphate, H2PO4
- and HPO4
2-, which is consider
immediately plant available.  Phosphorus found in soil solution makes up the smallest
portion of Pt, 0.05-0.5 mg L
-1 (Rowell, 1994).  As solution P is taken up by plants it is
replenished by labile P and labile P is replenished from the non-labile P pools (Kuo, 1996
and MacKenzie and Zhang, 1997).  Labile P can be defined as the amount of P in quick
equilibrium with soil solution plus the quantity of P already in solution (Wolf et al.,
1986).  Labile forms of P include loosely sorbed P (Buresh et al., 1997), poorly crystalline
Fe and Ca phosphate minerals (Williams et al., 1980), and easily mineralizable labile
organic compounds (Bowman and Cole, 1978).  The pH of the soil plays an important
9role in determining the dominant phosphate ion in solution.  Under acidic conditions (pH
between 2.2 and 7.2), the H2PO4
- ion is the dominant form of solution P.  At an alkaline
pH, the HPO4
2- ion dominates.  When the pH is near neutral, both the H2PO4
- and HPO4
2-
ions play equally important roles as soluble forms of P (Brady and Weil, 1996).
Microorganisms play a critical role in the P cycle by decomposing organic
residues and releasing orthophosphate into the soil solution.  The decomposition reactions
preformed by microbes are catalzyed by enzymes.  Phosphatase is the generalized name
given to the group of enzymes which is capable of hydrolyzing both esters and anhydrides
of H3PO4 . The phosphatase enzyme group is classified into five subgroups: phosphoric
monoester hydrolases, phosphoric diester hydrolases, triphosphoric monoester hydrolases,
enzymes acting on phosphoryl-containing anhydrides, and enzyme actions on P-N bonds
(phosphoamidase) (Tabatabai, 1994). Phosphatases can also be subdivided into acid and
alkaline phosphatases (Juma and Tabatabai, 1997). 
The addition of manure has a definite impact on P concentrations and cycling in
soils.  Total soil P concentrations have been shown to increase as much as eight-fold with
long-term manure application (Sharpley and Smith, 1995).  In a study of Utah soils with a
broad range of turkey and beef feed lot manuring history, Pt concentrations increased by
1.5 to 2.5 times above background levels with manure applications spanning 2 to 4
decades.  A two-fold increase in organic matter concentrations was also seen with manure
application resulting in an  increase in Po concentrations (James et al., 1996).  Manure
application increases the available Pi fraction as well as the labile bicarbonate extractable
Po (Sharpley and Smith, 1995).  The P applied through manure tended to accumulate as
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weakly bound plant available Pi, Pi in association with aluminum and iron oxides, and
calcium precipitates (Sharpley and Smith, 1995).  In a 16 week incubation study
conducted by Reddy et al. (1996), P was transformed into labile and moderately labile
organic and calcium bound P when manure was added in association with inorganic
fertilizer. It is evident that a several P pools are increased when manure is applied to the
soil.
The process of phosphorus sorption is an important part of the P cycle and occurs
when soluble P reacts strongly with inorganic or organic compounds.  The amount of P
that can be taken up by plants is dependent on the P sorption capacity of the soil and the
release rate of P from the solid phase (Singh et al., 1995 and Kuo, 1990). Phosphorus
sorption capacity affects plant uptake because it restricts the distribution of P in close
proximity to plant roots and the uptake of P by roots (Barber, 1980).  The P sorption
maxima is the maximum concentration of P that can be sorbed by a soil and is an intrinsic
property of the soil.  Phosphorus sorption and desorption characteristics are an important
factor to consider when discussing the P concentration and susceptibility of a soil to P
losses in runoff and leaching water. The reason for this is that these characteristics are
determinants of the amount of P in solution (Simard et al., 1994). Off-site movement of P
also occurs via particle movement. 
The P sorption and desorption characteristics of a soil affect the P extraction
efficiency of chemical extractants and plants roots.  The amount of P measured by three
different extractants (Olsen, NaOAc, and Bray-I) was found to be highly dependent on the
P sorption capacity of the soil specifically, more P is extracted from soils with a lower P
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sorption capacity(Kuo, 1988).  Also, the greater the amount of P sorbed, the greater the
amount of the sorbed P was extracted using the three extractants.  Indiati et al. (1995)
found that as the amount of P sorbed by the soil was directly correlated with the amount
of P desorbed by Olsen, Bray-1, water, and the amount of P sorbed by Fe-oxide strips. 
Kuo (1990) found that the amount of P recovered by NaHCO3 extraction was positively
related to the P sorption capacity of the soils tested.  The amount of P measured using
Olsen, NaOAc, and Bray-I was also seen to be related to the amount of P saturation on
the soil surface along with the P sorption capacity (Kuo, 1988).(explain)
Manure application can decrease the available P sorption capacity in the surface 5
cm of  soil (Sharpley, 1996; Beauchemin et al., 1996). The available P sorption capacity
is the portion of the P sorption capacity that is available for additional P.  When surplus
amounts of manure are applied to the soil, a 75% decrease in the available P sorption
capacity has been observed compared to forested and non-manured soils.  The
accumulation of P due to heavy manure application appears to partially saturate the P
sorption capacity of the soil (Beauchemin et al., 1996). Sharpley (1996) also found that
79% of the variability in the amount of P released in a manured soil was related to the P
sorption saturation.  This is because P saturation decreases a soil’s ability to sorb
additional P and therefore affects the proportion  of the soils sorption capacity that can be
satisfied by manure addition (Sharpley, 1996).
The period of time additional P is available for plants varies depending on the P
source.  Manure P is available for plant utilization for longer periods of time as compared
to inorganic P fertilizer.  This increase in availability time results from an apparent
12
temporary immobilization of soluble P within the first six weeks of application.  This
period of immobilization is then followed by mineralization of the Po in and after week
eight (Reddy et al., 1996).
Movement of P from a soil tends to occur mainly with erosion and runoff rather
than leaching because the majority of the applied P stays in the top 30 cm.   However,
downward movement of P into subsurface depths has been seen with manure application
(Eghball et al., 1996, Kuo and Baker, 1982 and James et al., 1996).  Manure P has been
found at depths of 0.3 m, 0.4 m, and 0.75 m under cattle feedlot, poultry, and swine
lagoon manure, respectively (Eghball et al., 1996).  Phosphorus from manure sources has
also been seen to move deeper in the soil profile than P from inorganic fertilizer.  Manure
P moved to a depth of 1.8 m while the commercial fertilizer P did not move beyond 0.9 m
in a 50 year study on a sandy loam soil with incorporation of manure and fertilizer
(Eghball et al., 1996).  A possible reason for the increase in P movement to the
subsurface with manure could be the leaching of manure Po.  Organic P is more mobile
than Pi because Po forms are not retained to the same degree as Pi. The accumulation of P
in the subsurface is dependent on the drainage class of the soil as well.  Phosphorus  tends
to accumulate as Po and as Fe and Al complexes in imperfectly drained soils (Kuo and
Baker, 1992).  Also, as P is accumulated in the soil, the P sorption capacity can become
saturated.  Downward movement of P would be more likely to occur in soils that have P
application beyond the P sorption capacity maxima of the surface depth.  Therefore,
downward movement of P can be attributed to two main causes, the mobility of Po and
saturation of the P sorption capacity of the surface soil.
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Another possible explanation for downward movement of P could be through
preferential flow paths (large permanent crack in the soil).  Thomas et al. (1997) found P
to leach through the subsoil of a arable silty clay loam soil in Broadbank plots into drains
at approximately a 0.65 m depth.  The subsoil had high available P sorption capacity, but
was not sorbing the mobile P.  It was concluded that the P was moving through
preferential flow paths in the soil and thus reducing the effective sorption capacity of the
subsoil.
Bioavailable P (BAP) can be defined as the amount of P that has the potential to
become available for plants and algal uptake (Sharpley, 1993).  The majority is found in
the dissolved P (DP), which is the most readily available form, and particulate P (PP)
forms (Sharpley, 1993).  Particulate P is found in alliance with organic matter and
sediment that has been eroded from the field surface.  The PP is not as freely available as
DP for plant utilization.  Manure application tends to increase the BAP content of the soil
and these forms of P tend to be more vulnerable to runoff and surface water
contamination because of their solubility or extractability by organisms (Sharpley and
Smith, 1995).
There have been numerous extraction techniques developed in order to determine
the plant available P, or BAP in the soil.  Water or a dilute salt solution is used to
determine the solution P (Kuo, 1996).  Several chemical extractants have been developed
to measure a fraction of the plant available P, such as Mehlich-I, Mehlich-III, Bray-1,
Olsen, and 0.1N NaOH (Kuo, 1996 and Wolf et al., 1985).  Alternative extraction
methods have also been developed which use ion-exchange material to extract P from
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soil.  In particular, iron oxide-impregnated strips (Sharpley, 1993) and anion exchange
membranes (Copperband and Logan, 1994) have been developed as ion-exchange
methods to measure the BAP in soils.
Chemical extractants were developed to measure P with respect to soil fertility
and agronomic purposes and are the most widely used extraction procedures.  Chemical
extractants correlate yield response to fertilizer application.  These extractants are
regional in nature because they were produced in order to extract P from characteristic
compounds found in different physiographic regions (Sims, 1993). Also, different states
use chemical extraction procedures because they have built up correlative database for
specific extractants to crop response.  Chemical extractants remove P from the soil solid
phase by 4 main reactions (1) solvent action of acids, (2) anion replacement, (3)
complexing of cations binding P, and (4) hydrolysis of cations binding P.  Extractants
containing acids generally have a pH of 2-3.  At this pH, H+ activity dissolves P from Ca-
P, Al-P, and Fe-P minerals.  Phosphorus that is adsorbed on soil surfaces can also be
replaced by other anions such as citrate, lactate, sulfate, and bicarbonate.  Therefore,
extractants containing these ions can further remove P from the soil solid phase.  Fluoride
is the main complexing agent used in extractants.  It is very efficient at complexing Al
ions and releasing P from Al-P forms.  Calcium tends to form CaF2 precipitates with the
F, which in turn reacts with dissolved P to form secondary precipitates (Kuo, 1996). 
Extractants containing OH-, mainly from  NaOH, extract P from Al-P and Fe-P by
hydrolyzing Al and Fe. (Kamprath and Watson, 1980).
Water or 0.01M CaCl2 are used to measure the P found in solution as
15
orthophosphate, H2PO4
2- and HPO4
-.  The P sorption capacity and the degree of P
saturation of the capacity influence the water extractable P (Kuo, 1996).  The water
extractable P is also highly dependent on soil pH due to P complexation with different
compounds at different pH levels.  Water and 0.01M CaCl2 tend to extract the lowest
concentrations of P because they are measuring the pool of soil P that has the lowest
average concentration in the soil: solution P.  However, this pool is the most readily
available P for plant utilization.
Mehlich I extract, also termed the dilute double acid extractant, is a combination
of 0.05M HCl and 0.0125M H2SO4 (Nelson et al., 1953).  Mehlich I tends to extract P
from non-labile and labile pools.  Mehlich I is unreliable when used on alkaline and
calcareous soils and soils with high CEC and base saturation. These types of soils tend to
neutralize the acids and reduce the extractant’s ability to extract P (Kuo, 1996).  Due to
the acids in this extractant, Ca-phosphates are solubilized to the greatest extent.  Some Al
and Fe phosphates can be solubilized as well (Kamprath and Watson, 1980).  Phosphorus
concentrations extracted with Mehlich I correlate well with Bray-1 (NH4F-HCl) , but not
with Olsen (NaHCO3) (Kuo, 1996).
The Mehlich III reagent is a mixture of 0.2N CH3COOH, 0.25N NH4NO3, 0.015N
NH4F, 0.13N HNO3, and 0.001N EDTA (Mehlich, 1984). Alteration in the chemicals
used in Mehlich III from Mehlich I were mainly done to allow the extractant to be used
for extracting micronutrients as well as P and K.  Mehlich III and Bray-1 extract similar
concentrations when used on acid and neutral soils.  On calcareous soils, Mehlich III
tends to extract higher amounts of P than Bray.
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Bray-1 extractant is a solution of 0.03M NH4F and 0.025M HCl (Bray and Kurtz,
1945).  Bray-1 was developed to extract the Al-P.  Phosphorus held in Al-P complexes is
released due to the formation of AlF4
- complexes when Bray-1 reacts with soils (Kuo,
1996).  Bray-1 is unsatisfactory in soils with high CEC and calcareous soils due to the
neutralization of the acids and formation of CaF2 precipitates.  The P saturation on
colloidal surfaces has the most effect on the capacity of Bray-1 extractant to extract P
(Kuo, 1996).
Olsen et al. (1954) developed the use of 0.5M NaHCO3 adjusted to pH 8.5 to
extract plant available P.  Olsen tends to extract Pi as well as labile Po (Bowman and
Cole, 1978). The amount of P extracted is dependent on a number of soil characteristics
such as clay content, citrate-dithionite-bicarbonate extractable Fe, and P buffering
capacity.  The Olsen method tends to extract less P than Bray-1, Mehlich I, and Mehlich
III, but has been correlated to resin-extractable P (Kuo, 1996).
Recently, 0.01N NaOH has been developed as a P extractant.  It was developed to
look at BAP in terms of P losses to surface waters and eutrophication (Wolf et al., 1985). 
The OH- tends to hydrolyze the Al and Fe in the soil to Al(OH)4
- , which releases the P
from Al- and Fe-P bonds (Kamprath and Watson, 1980). While NaOH extractable P is
highly correlated with algal uptake of P (Sims, 1993).
The method of using iron oxide-impregnated filter paper strips (Fe-oxide strips) to
determine plant available P was developed by Menon et al., (1989) and was successful in
extracting plant available P from a wide range of soils and management practices
(Sharpley, 1993).  The Fe-oxide strips simulate the P removal from soils by plant roots
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and algae by acting as a P sink to adsorb the plant available P from a sample.  The
physically bound P is the primary fraction of soil P removed using Fe-strips in both
calcareous and non-calcareous soils (Sharpley, 1993).  Therefore, they are theoretically
more justified than chemical extractants for extracting bioavailable P (Sharpley et al.,
1994). The P extracted by strips corresponds to short-term bioavailable P (<30 days) that
algae could utilize in the photic zone of lakes under aerobic conditions.  Fe-oxide P has
been found to be related (r2=0.96) to growth of P-starved algal (Sharpley, 1993).
Therefore, because of the versatility and theory behind this method, it may be more
applicable for determining bioavailable P than other chemical extractants, in terms of
BAP in surface waters.
Fe-oxide strips for estimating BAP have been shown to be convenient,
reproducible, and interference-free (Sharpley et al., 1994).  The convenience of these
strips is that they can be prepared in bulk and sent to the field.  Once in the field a simple
extraction procedure can be conducted and the strips dried.  The strips can then be sent to
an analytical laboratory where P can be extracted from the strips using dilute acid and
then measured (Sharpley et al., 1994).  This would prevent variation in P measurements
due to different laboratory techniques.
Anion exchange membranes (AEM) are another means to measure BAP using ion
exchange techniques.   The AEM acts in competitive exchange with the soil solids that
are in equilibrium with the soil solution.  The H2PO4
- is transferred from the soil solids to
the AEM thru the soil solution (Cooperband and Logan, 1994).  The AEM act as a sink
for the H2PO4
- because it has an anion exchange capacity that remains high throughout the
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time of the extraction.  Soil solution and labile P are measured using AEM (Cooperband
and Logan, 1994).  Anion exchange membranes are convenient in that they can be
produced and used in laboratory experiments or placed in a field situation where P is
measured in situ.
The general theory behind the AEM procedure begins with saturating the
membrane with 1M KCl.  When the saturated membrane is placed in the soil solution it
becomes a competitive exchanger for H2PO4
-.  After 16-24 hours the membrane is
removed from the soil solution and the H2PO4
- is removed from the membrane using the
same anion.  The H2PO4
- is in solution and can be measured.
Extractable P concentrations are important when discussing P movement off-site
and accelerated eutrophication.  However, P is a very stable nutrient in the soil. 
Therefore, it is important to consider several other factors affecting the movement of P
from the surface, as well as extractable P, when discussing potential pollution.  A
phosphorus-index (P-index) has become a useful tool in assessing P movement potential.
Lemunyon and Gilbert (1993) developed a P-indexing system to “provide field
staff, watershed planners, and land users with a tool to assess the various landforms and
management practices for potential risk of P movement to water bodies.”  They
developed a ranking P-index that identifies sites that are at the greatest risk for P
movement relative to other sites (Lemunyon and Gilbert, 1993).  The P-index was not
developed to be a quantitative prediction of actual P movement from a site (Stevens et al.,
1993). Rather, it is a means of identifying management areas vulnerable to P movement. 
The parameters used in the P-index were chosen based on their influences on P
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availability, retention, management, movement, and uptake (Lemunyon and Gilbert, 1993
and Sims, 1993).  This P-index was developed on a general basis and can be modified to
meet regional needs.  The eight site characteristics in the P index were chosen based on
their effects on P transport and the ease of data acquisition.  They are soil erosion, runoff
class, soil P test, P fertilizer application rate and method, and  rate and timing and method
of P application (Lemunyon and Gilbert, 1993).
In 1993, Stevens et al., applied the P-index (Lemunyon and Gilbert, 1993) to the
Dairy-McKay Hydrological Unit Area (HUA) in western Oregon.  They found that the P-
index was able to differentiate sites that were at high risk for P movement and indicated
that a site’s vulnerability rating could be reduced by alterations in the P rates and methods
of application (Stevens et al., 1993).  However, the index was not sensitive enough to
show potential benefits of using runoff and erosion control measures on the vulnerable
sites.  It was concluded that the P-index, used as an assessment tool for potential P loss,
was beneficial.  However, modifications could be made that show the benefits of erosion
and runoff reduction methods (Stevens et al., 1993).
Sharpley (1995b) used the P-index (Lemunyon and Gilbert, 1993) to identify
vulnerable P movement sites in the Southern Plains.  Thirty non-fertilized and P fertilized
watersheds which were in both grass and row crops were evaluated.  The P-index ratings
were compared to runoff P concentration(s) measure(d) during 16 years.  The watershed
vulnerability ratings were closely related to the P runoff concentrations (R2= 0.70)
(Sharpley, 1995b).  The watersheds in conventionally tilled wheat and peanut-sorghum
were significantly (P<0.05) more vulnerable to P loss than grassed watersheds.  This was
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shown in the overall ratings for the watershed types.  The grassed watersheds rated low
and the row cropped watersheds rated medium in vulnerability overall (Sharpley, 1995b).
In light of the potential for P pollution in the environment and the historic over-
application of P with manure application, the current study was conducted to evaluate the
P characteristics of Tennessee soils that have received long-term manure application.  The
data from this study could be useful to individuals determining the environmental
regulations for Tennessee concerning P and water quality whether a TMDL or P-index is
developed to regulate P applications.  In order to reach this goal three objectives have
been set for this project.
Objectives:
Objective 1: To determine the chemical and microbial P characteristics of selected
long-term manured fields across the state of Tennessee.
Objective 2: To compare various extraction techniques for determining bioavailable P
in long-term manured soils across Tennessee.
Objective 3: To evaluate the use of a P-index for predicting site vulnerability to P
movement and how management practices alter the predictions of two
versions.
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Part 2:
Chemical and microbial phosphorus characteristics
 of long-term manure treated soils in Tennessee
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Abstract
Manure application is an age-old process used by agriculturalists to fertilize the
soil.  In the past, manure application has been loosely based on the N need of the crop. 
However, this can lead to the potential over-fertilization of P.  Long-term manure
application has been shown to increase total soil P concentrations as much as eight fold. 
This study was conducted in order to determine the effects of long-term manure
application on P characteristics of Tennessee soils.  A total of 10 farms located in the
various physiographic regions of Tennessee were sampled.  Four of the farms received
swine, three dairy, and three poultry for time periods ranging from 10-50 years.  Paired
fields were sampled from each farm, one that had received manure and one that had not. 
All fields were sampled at three depth increments, 0-7.5, 7.5-15, and 15-30 cm.  A
modified Hedley fractionation was used to measure the concentrations of P in various
operationally defined soil fractions.  A chloroform fumigation extraction procedure was
used to measure microbial biomass P.  Also, acid and alkaline phosphatase enzyme
activities were determined.  Manure application significantly increased the P content of
the NaHCO3 (labile Pi and Po), NaOH (Al and Fe-bound Pi and Po), H2SO4 (residual P),
and microbial Pi fractions.  However, the HCl (Ca-bound) fraction and the microbial Po
were not significantly affected by manure application.  The P content in all fractions was
not significantly different between the three manure types.  However, as depth of
sampling increased, the P content of all fractions decreased across all manure types. 
Manure application did not significantly affect either the microbial biomass P or the
phosphatase enzyme activities.  Long-term manure application significantly increased
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various soil P fractions but did not significantly affect microbial P properties of
Tennessee soils.
Introduction
Phosphorus is an essential nutrient for crop production. However, the majority of
soil phosphorus is found in forms that are not plant available.  Soil-applied P is quickly
sorbed at the reactive surfaces of clay-size particles, specifically Al and Fe oxides, silicate
clay minerals, and CaCO3 (Sharpley and Robinson, 1996).  Phosphorus is found in three
main forms in the soil: inorganic (Pi), organic (Po), and solution (Ps).  It is cycled through
different pools within these three forms.  Orthophosphate, H2PO4
2- and HPO4
-, is the
phosphate found in solution and the only form of P that is immediately available for plant
utilization.
Manure application is a means of fertilization that has been used by agriculturists
for centuries to improve crop production and dispose of waste.  Livestock manures
contains N, P, and other nutrients necessary for crop growth (Smith and Van Dijk, 1987). 
The application of manure has, in the past, been loosely based on the nitrogen
requirement of the crop being grown.  However, this can lead to considerable amounts of
P remaining in the soil with long-term biosolid (8-35 years) applications (Sharpley,
1996).
Long-term manure application can increase the total P (Pt) concentrations of soil
as much as eight-fold (Sharpley et al., 1993; Tran and N’dayegamiye, 1995; Iyamuremye
et al., 1996; and Sharpley, 1996).  Inorganic P fractions of Pt increase to a greater extent
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than Po fractions with manure application (Sharpley and Smith, 1994).  Even though
manure is considered an organic amendment to the soil, the majority of the P in manure is
in Pi forms.  For instance on average Pi makes up 81mg kg
-1, 95 mg kg-1, and 74 mg kg-1
of Pt in cattle slurry, swine manure, and poultry litter, respectively (Smith and Van Dijk,
1987).
The Ca-bound Pi has been seen to increase to the greatest extent with manure
application.  This is due to large amounts of Ca added to the soil with manure (2-60 g kg-
1).  Therefore, the added Ca tends to control Pi availability reactions (Sharpley and Smith
1994). Sharpley and Robinson (1996) found a shift in dominance from Al and Fe
associated Pi to Ca-bound Pi with long-term manure application (up to 35 years) when
compared to non-manured controls in Oklahoma and Texas soils with pH ranges from
5.9-7.2.  However, Gale et al. (2000) found that the Ca-bound fraction of soil P was not
affected by manure application in Northwestern Tennessee soils.  Manure residues can
also increase the NaHCO3-Pi (biologically available), NaHCO3-Po (readily mineralizable),
and the NaOH-Pi (chemisorbed) pools (Iyamuremye et al, 1996).
 Manure application has also been shown to increase the Po fractions.  However,
these changes are not to the same degree as Pi alterations and are less permanent.  When
manure application is stopped, the Po concentrations typically return to pretreatment
levels while the Pi content remains high (Sharpley et al., 1984). Along with total P, total
organic carbon and N have also been shown to increase in soil with manure application
(Saviozzi, et al., 1999).  
29
The majority of the soil Pt that is applied with manure remains in the surface (0-30
cm) depths (Sharpley, et al., 1984, Kuo and Baker, 1982).  Some downward movement of
manure applied-P has been observed.  This could be due to leaching of finely divided
solid particles of Pi that are suspended in the liquid manure.. Also, the portion of Po
applied is more mobile than the Pi and could leach down into the profile (Kuo and Baker,
1982).  However, the majority of P losses from soils can be attributed to erosion of soil
particles and runoff rather than leaching.
Microbial biomass and enzyme activity are used as measurements for soil
microbial quality (Kennedy and Papendick, 1995).  Microbial biomass C has been shown
to increase with the application of cattle manure and other organic amendments  in
conjunction with inorganic fertilizers (Bragato and Primavera, 1998).  Organic
amendments and manure  supply easily decomposable organic matter for microbes
(Goyal et al., 1999).  Therefore, it can be assumed that microbial biomass P increases
with manure application as well.
Phosphatase (acid and alkaline) activities indicate the maximum enzyme activity
present and can be used as sensitive indicators for changes in soil properties induced by
changes in management practice (Monreal et al., 1998).  Acid and alkaline phosphatase
activities are highly correlated with the amount of organic C found in the soil (Deng and
Tabatabai, 1997).  Alkaline phosphatase activity increases with an increase in P
application in the form of inorganic fertilizers and organic amendments (Goyal et al.,
1999).  However, management practices such as no-till cropping and mulching have also
been shown to have a positive effect on phosphatase activity (Deng and Tabatabai, 1997).
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This study was conducted to investigate the P dynamics of Tennessee soils that
have received long-term manure applications and to compare the concentrations of P in
these soils to similar soils that have not been manured.  Specifically, the objectives of this
study were to (1) examine the measured forms of P found in the manured and non-
manured fields, (2) determine the amount of total organic P found in the manured and
non-manured fields, and (3) determine changes in the microbial characteristics (microbial
biomass P and phosphatase enzyme activity) of manured fields verses  non-manured
fields.
Material and Methods
Soil samples were collected from 10 different farms in the state of Tennessee
(Figure 2.1).  Four swine, three dairy, and three poultry receiving sites were sampled
between May-September 1999.  The farms were chosen from a list of farms sampled by
the University of Tennessee Extension Service for a preliminary survey of the P content
of manured soils in the state.  The selected farms were chosen for their manure history
and distribution throughout the state (Table 2.1). Two fields were sampled from each
farm in depth increments of 0-7.5, 7.5-15, and 15-30 cm.  One of the fields had receive
manure application and one had not.  All soil samples were air-dried and sieved (<2mm).
The particle size distribution of the soils was determined using the pipette method
(Kilmer and Alexander, 1949).  Total carbon, sulfur, and nitrogen was measured with the
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Figure 2.1. Distribution of sampling sites across Tennessee.
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Table 2.1. Descriptions of manure application type, rate, and time and the crop
grown on each site sampled.
Site Field Manure Type
Estimated
application
rate
Years of
manure
application Crop grown
S1 A Swine 1 ton ac-1 10 soybeans/wheat
B None N/A† N/A soybeans/wheat
S2 A Swine 3-4 tons ac-1 8 cotton
B None N/A N/A cotton
S3 A Swine 3-4 tons ac-1 8 wheat
B None N/A N/A pasture
S4 A Swine 2-3 tons ac-1 10 wheat
B None N/A N/A pasture
D1 A Dairy 2-3 tons ac-1 >20 corn/wheat
B None N/A N/A wheat
D2 A Dairy 9000 gal ac-1 >20 corn
B None N/A N/A sorghram sudan
D4 A Dairy 2-3 tons ac-1 12 corn
B None N/A N/A pasture
P1 A Poultry 2.5-3 tons ac-1 >20 corn
B None N/A N/A pasture
P2 A Poultry 3.5 tons ac-1 11 corn
B None N/A N/A beans
P3 A Poultry 2.5-3 tons ac-1 22 pasture
B None N/A N/A pasture
†N/A = none applied.
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LECO CNS 2000 (LECO corporation, St. Joseph, MI).  The soil pH  was determined by
glass electrode in 2:1 water:soil solution.  
A modified Hedley fractionation scheme (Hedley et al., 1982) was used to
determine the concentrations of P in operationally defined inorganic, organic, and
microbial pools (Kuo, 1996) (Figure 2.2).  The 0.5M NaHCO3 extractable fractions are
considered labile Pi and Po.  Sodium hydroxide (0.5M) was used to extract Pi bound to Al
and Fe and moderately labile Po.  Calcium bound P was extracted using 0.1M HCl.  The
residual Po fraction was measured using 2M H2SO4.
Total organic P concentrations were determined using the ignition method (Kuo,
1996).  A 1.0 gram portion was burned in a muffle furnace at 550OC for 1 hour.  The
ignited sample was extracted using 25 mL of 0.5M H2SO4.  A second 1.0 gram sample
was extracted without being ignited.  The solution was centrifuged, filtered through
Whatman #42 filter paper, and the P concentration was measured by a modified ascorbic
acid procedure (Kuo, 1996) on a Spectronic 401 (Milton Roy, Rochester, NY) at 880nm. 
The total Po was determined by subtracting the P concentration of the unignited samples
from the ignited.
A second set of samples were taken from the same farms during March 2000. 
These samples were taken at two depth increments, 0-7.5 and 7.5-15 cm.  These samples
remained moist and were refrigerated until analysis (less than one week holding time). 
Microbial biomass P was measured by the chloroform fumigation extraction procedure
(Harwath and Paul, 1994).  This procedure involved fumigating 20 g of sample with
chloroform and incubating the samples for 24 hours at 25oC in the dark.  A second 20 g 
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Figure 2.2. Summary of phosphorus fractionation scheme.
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sample was incubated for 25 hours at 25oC without fumigation.  The fumigated and
unfumigated samples were then extracted using 0.5M K2SO4 at a 5:1 solution to soil
ration.  The extractant was then analyzed for P using a modified ascorbic acid technique 
on a Spectronic 401 (Milton Roy, Rochester, NY) at 880nm.  Acid and alkaline
phosphatase activities were analyzed using the phosphomonoesterase enzyme assay
(Tabatabai, 1994).  The first step in this assay was placing 1 g of soil in a 50-mL flask
and adding 0.2 mL of toluene, 4 mL of modified universal buffer (MUB) (pH 6.5 for acid
phosphatase and pH 11 for alkaline phosphatase), and, 1 mL p-nitrophenyl phosphate
solution.  The flask is then swirled, stoppered and incubated for 1 hour at 37oC.  After
incubation 1 mL of CaCl2 and 4 mL 0.5M NaOH were added and the flask was swirled to
mix.  The solution was then filtered through a Whatman #42 filter paper.  The yellow
color was measured on a Spectronic 401 (Milton Roy, Rochester,NY).  Control samples
were analyzed to allow for color not derived from p-nitrophenyl release by waiting until
after incubation to at the p-nitrophenyl solution.
All data were analyzed using the SAS system, version 8.  The MIXED procedure
was used  for analysis of variance (ANOVA).  Least significant difference mean
separations techniques were used.  Significance levels are at the P<0.05 levels for all
analyses (SAS Institute, 1989).  ANOVA tables for each analysis are listed in appendix
tables A.7, A.11, A.15 for fractionation, chemical, and microbial analysis, respectively. 
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Results and Discussion
Physical Properties
The majority of the fields sampled had silt loam textures.  Farm S2 had a silt
texture.  This was expected as the farm was located in West Tennessee in Lauderdale
County and the dominant parent material of the region is lossial deposits of silt. The
textural analysis for the surface sample of all fields sampled is also listed in Table 2.2
along with the dominant soil series and taxonomic class of each field.
Chemical Properties
Table 2.3 illustrates the pH and total C, S, and N, of the swine, dairy, and poultry
sites. The pH analysis showed that there was no significant effect from manure on the pH
of the samples.  This is expected because the majority of these fields were agricultural
and therefore regularly received lime application.  However, in some cases, fields
fertilized with inorganic fertilizer have a lower pH and require more lime than manure
applied fields.  This was not the case for these particular fields.  Manure application did
not have a significant affect on the total C content of the samples.  However, the depth of
the sampling significantly affected the total C in the samples.  Similar results were seen
for the total S and N analysis.  Manure application did not significantly effect either, but
the depth of the sampling did have a significant effect.  Saviozzi et al., (1999) found that
organic C and N did increase with manure application, however, the current study did not
show an increase in the total C, N, or S content with manure application.  The agricultural
practices used on the fields may have a greater effect on the total C, N, and S rather than
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Table 2.2. Textural analysis, dominate soil type, taxonomic class and county location of surface 0-7.5 cm depth of
sampled fields (S = swine, D = dairy, and P = poultry)
Farm
Manure
Application
%
Sand % Silt % Clay
Textural
Class County
Dom inate So il
Type Taxono mic Class
S1 Yes 21 67 12 SIL Dekalb Dickson fine-silty, siliceo us, semia ctive, therm ic
Glossic Fr agiudu ltS1 No 22 67 11 SIL Dekalb Dickson
S2 Yes 11 86 3 SI Laude rdale Adler coarse-silty, mixed, active, nonacid,
thermic  Aquic U difluven tsS2 No 7 89 4 SI Laude rdale Adler
S3 Yes 4 83 13 SIL Perry Ennis fine-loamy, siliceous, semiactive,
thermic  Fluven tic Dystrud eptsS3 No 10 74 16 SIL Perry Ennis
S4 Yes 24 63 13 SIL Wayne Hartsells fine-loam y, siliceous, th ermic T ypic
Haplud ultsS4 No 23 63 14 SIL Wayne Hartsells
D1 Yes 5 74 21 SIL Rutherford Lomond fine-silty, siliceo us, semia ctive, therm ic
Mollic Paleudalfs
D1 No 10 70 20 SIL Rutherford Harpeth fine-silty, m ixed, active , thermic T ypic
Paleudalfs
D2 Yes 5 83 12 SIL Henry Mem phis/
Lexington fine-silty, m ixed, active , thermic U ltic
HapludalfsD2 No 3 82 15 SIL Henry Mem phis/
Lexington
D4 Yes 20 65 15 SIL Greene Dunmo re Clayey , kaolinitic, m esic Typ ic
Paleudu ltsD4 No 16 68 16 SIL Greene Dunmo re
P1 Yes 45 50 5 SIL Fentress Hartsells fine-loam y, siliceous, th ermic T ypic
Haplud ultsP1 No 43 56 1 SIL Fentress Hartsells
P2 Yes 12 65 23 SIL Bedford Nesbitt fine-silty, siliceo us, semia ctive, therm ic
Aquic PaleudalfsP2 No 15 68 17 SIL Bedford Nesbitt
P3 Yes 52 40 8 SL Polk N/A † N/A
P3 No 21 55 24 SIL Polk N/A N/A
†N/A = information not available.
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Table 2.3. Soil pH, total C, N, and, S data for all field types with depth.
Farm Type Depth pH C N S
---cm— ---------------g kg-1---------------
Manured 0-7.5 6.1 a† 16.5 a 1.6 a 0.2 a
7.5-15 6.1 a 10.5 b 1.2 b 0.2 a
15-30 6.2 a 6.4 c 0.9 cd 0.2 ab
Non-manured 0-7.5 6.2 a 16.5 a 1.6 a 0.2 a
7.5-15 6.1 a 11.4 b 1.1 bc 0.2 a
15-30 6.2 a 6.3 c 0.8 d 0.1 b
†Means within a column labeled with the same letter are not different using LSD at
"=0.05.
manure application.  A large portion of the non-manured fields were pasture fields,
therefore they may possibly have a higher content of C naturally as apposed to the
manured fields which were, for the majority, in some type of cropping system. Fractions
of both Pi and Po increased with manure application.  This is consistent with other
research efforts (Sharpley et al., 1993).  Inorganic P was increased to a greater extent a Po
with manure application when compared to the non-manured fields.  The Pi fractions
were increased by an average of 124% and the Po fractions were increased by 35% with
manure application.  This trend was also seen by Sharpley and Smith (1994).  They found
that manure applied P accumulated as weakly-bound plant available Pi and Pi in
association with Al and Fe oxides, and Ca precipitates.  The total Pi and Po were
calculated by summing the appropriate fractions together from the fractionation data. 
Note that the residual fraction was considered Po.  This fraction may contain some Pi
however, the majority is thought to be Po (Olila et al., 1995). 
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Table 2.4 illustrates the P concentrations in the measured fractions.  The data from
the fractionation showed that manure application significantly increased the NaHCO3
extractable Pi and Po (labile P), the NaOH extractable Pi and Po (Al and Fe-bound P), and
the H2SO4 extractable P (residual P), and microbial Pi.  Each of these fractions showed 
the same trend of increased P concentration with manure application and decreased P
concentration with increased depth of sampling.  The HCl extractable P (Ca-bound P) and
the microbial Po were higher for the manured samples in the surface depth, but this
increase was not significant.
Increased P content of the majority of fractions measured was an expected result. 
Numerous past research studies have shown that manure application increases total P
content of a soil (Gale et al., 2000; Iyamuremye et al., 1996; Sharpley, 1996; and
Sharpley et al., 1984).  Therefore, increases in various P fractions were expected.  Gale et
al. (2000) observed that the majority of measured fractions of soil P were increased with
increased manure application for northwest Tennessee soils.  The increase in the NaHCO3
and NaOH fractions may cause concerns to arise over surface water pollution and
accelerated eutrophication because these fractions may be considered bioavailable if the
soil material moved offsite and came in contact with surface water (Reddy et al., 1999).
In the current study, the HCl extractable P (Ca-bound P) did not increase
significantly with manure application.  The Ca-bound fraction of soil P has been seen to
increase to the greatest amount with manure application in some past research studies
(Sharpley and Robinson, 1996; Sharpley and Smith, 1994).  However, in a study on
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Table 2.4.  Phosphorus concentrations in measured fractions for manured and non-manured fields with depth for the
all farm types.
Field Type Depth NaHCO3 NaOH HCl H2SO4 Microbial
Pi Po Pi Po Pi Po Pi Po
-------------------------------------------------------mg kg-1----------------------------------------------------
Manured 0-7.5 89 a† 37 a 146 a 276 a 28 a  293 a 16 a 0 a
7.5-15 56 b 25 b 102 b 189 b 0 b  229 b 2 b 0 a
15-30  26 cd 10 c    57 cd   105 cd 8 ab   170 cd 3 b 0 a
Non-manured 0-7.5 35 bc   18 bc    77 bc 187 b 1 ab   228 bc 4 b 0 a
7.5-15 12 cd   14 bc   57 cd   142 bc 0 ab 169 d 3 b 0 a
15-30 0 d  5 c 34 d  78 d 0 ab 132 d 5 b 1 a
†Means within a column labeled with the same letter are not different using LSD at "=0.05.
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manure effects in northwestern, Tennessee, the HCl fraction was not shown to increase
with manure application (Gale et al., 2000).  Therefore, the result of no increase in HCl
extractable P with manure in this study coincides with research efforts completed on
similar soils.  The other research studies could be affected by the area where the study
was conducted and the soil types found there.  For instance, in the soils of Oklahoma and
Texas, which are studied by Sharpley, Ca minerals are much more abundant as compared
to the soils of Tennessee were Al and Fe minerals are found to be dominate.
Total Po analyzed by the ignition method showed that manure application had a
significant affect along with depth of sampling (Table 2.5).  These results coincide with
the fractionation data and with past research efforts which show that total Po is increased
withe manure application (Gale et al., 2000; Sharpley et al, 1984; and Sharpley et al.,
1993).
Table 2.5. Total Po of the manured and non-manured samples with depth.
Farm Type Depth Total Po
---cm— -------------mg kg-1------------
Manured 0-7.5 324 a†
7.5-15 250 b
15-30 186 c
Non-manured 0-7.5   208 bc
7.5-15   176 bc
15-30  81 d
†Means within a column labeled with the same letter are not different using LSD at
"=0.05.
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Microbial Properties
There was a significant decrease in the amount of microbial biomass P as depth of
sampling increased.  The 0-7.5 cm depth had a mean biomass P of 3.1 mg kg-1 while the
7.5-15 cm depth has a biomass P of 0.1 mg kg-1 across all manure types and applications. 
Neither manure application nor manure type had a significant effect on the microbial
biomass P.
Microbial biomass P decreasing with increasing depth was expected. Manure
application has been shown to increase the amount of microbial biomass C in soils and
therefore would have been expected to increase microbial biomass P (Goyal et al., 1999). 
However, the increase in microbial biomass P with manure application was not seen in
this set of samples.  This could possibly result from the cropping system used on the
particular fields rather than the manure application.  The non-manured fields tended to be
pasture systems while the majority of the manured fields were in row crop situations. 
Therefore, non-manured fields under pasture systems would have higher microbial
biomass and as the manure increased microbial activity, the cropping practices on the
fields could decrease the activity.  This could cause more of a balance between the
manured and non-manured fields.
Alkaline phosphatase activity was affected by both manure type and depth of
sampling, but not manure application (Table 2.6).  Acid phosphatase activity was 
significantly higher than alkaline phosphatase activity across all farm types and depths
data not shown).  However, acid phosphatase activity was not significantly effected by
manure type or application.  Depth of sampling was the only factor that had a significant
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Table 2.6. Alkaline phosphatase activity for manured and non-manured fields of
dairy, swine, and poultry fields with depth
Farm Type Manure Application Depth
Alkaline Phosphatase
Activity
---cm— -----:g PNP g-1 hr-1----
Dairy
Manured 0-7.5      217 bcd
7.5-15         198 bcdef
Non-manured 0-7.5 453 a
7.5-15        166 bcdef
Poultry
Manured 0-7.5    209 bce
7.5-15     94 dfg
Non-manured 0-7.5 247 b
7.5-15  70 f
Swine
Manured 0-7.5      95 cdef
7.5-15     76 efg
Non-manured 0-7.5    103 cdef
7.5-15      89 cdef
†Means within a column labeled with the same letter are not different using LSD at
"=0.05.
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effect on acid phosphatase activity.  The 0-7.5 cm depth has an average acid phosphatase
activity of 437 :g PNP g-1 hr-1 and the 7.5-15 cm depth had an average activity of 273  :g
PNP g-1 hr-1.
The results show that manure application did not significantly effect the
phosphatase activity.  This could be due to the fact that manure application tends to add
greater concentrations of Pi and therefore phosphatase activity is not necessary to 
hydrolyze Po forms into more available Pi forms.  Also, the higher acid phosphatase
activity is probably due to the fact that Tennessee soils are acid in nature.  
Conclusions
The fractionation results showed that the NaHCO3 extractable Pi and Po fractions,
the NaOH extractable Pi and Po fractions, and the H2SO4 extractable P were all
significantly increased with manure application and decreased as the depth of sampling
increased.  The type of manure applied did not significantly effect the concentration of P
in the measured fractions.  The HCl extractable fraction was not significantly effected by
manure application, which is contradictory to some past research efforts showing that this
fraction is increased to the greatest extent with manure application.  However, this same
result was seen in a manure study completed in Northwest Tennessee.  This study could
be more comparable to the current research due to the fact the study was conducted in the
same state where soils have similar characteristics.
Manure application did not have a significant effect on the total C, S, and N
analysis however, the depth of sampling did prove to be significant, as expected.  As the
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sampling depth increased, the concentration of total C, S, and N decreased.  The results
from the total Po analysis using the ignition method contradicted the results from the
fractionation.
The microbial biomass P was significantly effected by sampling depth, but not by
manure application.  As the sampling depth increased, the concentration of microbial
biomass P decreased.  The phosphatase enzyme assays showed that overall non-manured
samples had slightly higher activities than the manured samples however, the differences
were not significant.  Also, acid phosphatase activity was higher than alkaline
phosphatase activity across all manure treatments and farm types.  Manure application
did not have a significant effect on either acid or alkaline phosphatase activities, while
depth of sampling did. 
In conclusion, manure application had a significant effect on the concentration of
P in the majority of the fractions measured.  However, it did not significantly affect the
total C, N, and S content of the samples.  The sampling depth did show significance in
the content of these elements, in that as depth increased the content decreased.  The
microbial P parameters examined showed that depth of sampling was the only factor that
had a significant effect. 
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Part 3:
Comparison of phosphorus extractants in manured soils across Tennessee
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Abstract
In the past, P management has focused on soil fertility.  However,  increasing
numbers of agricultural farms are testing very high for soil test P.  Environmental issues
such as accelerated surface water eutrophication have caused P to be viewed as a
pollutant.  The bioavailable P (BAP) is the fraction of most concern when viewing P as a
component of accelerated eutrophication.  There are numerous extraction procedures used
to evaluate plant available P, the majority of which are chemical extractants such as
Mehlich-I and Bray-I.  Ion exchange methods such as Fe-oxide impregnated filter paper
(Fe-oxide strips) and anion exchange membranes (AEM) may have a more viable
theoretical basis for extracting P available for plant and algal utilization.  Therefore, this
study was conducted to compare various extraction procedures on long-term manure
treated soils in Tennessee.  Four swine, three dairy, and three poultry farms that had
received long-term manure applications were sampled.  Two fields from each farm were
sampled, one that had received manure and one that had not, in three depth increments 0-
7.5, 7.5-15, and 15-30 cm.  The soil P status was measured from each sample using nine
extraction procedures: 0.1M NaOH, Mehlich-I, Mehlich-III, Bray-I, Olsen, 0.01M CaCl2,
H2O, Fe-oxide strips, and AEM.  Fields that had received manure application had a
significantly higher concentration of P when compared to the non-manured fields.  On
average, NaOH was found to extract the highest concentration of P followed by Mehlich-
I, Mehlich-III, and Bray-I, Fe-oxide, Olsen, AEM, H2O, and finally 0.01M CaCl2,
respectively.  Also, chemical extractants tended to extract higher concentrations of P than
ion-exchange methods.  The extractable P content of the fields decreased significantly
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with depth.  It was concluded that manure application had a significant effect on
extractable P.  Extractable P concentrations were dependent on the extraction procedure
used, chemical extraction procedures tended to extract higher concentrations of P when
compared to ion exchange methods, and extractable P content decreased with increased
depth of sampling.
Introduction
Animal manure has been used as a valuable source of fertilizer nutrients for many
years.  Historically, the norm for manure application has been to apply to the N-need of
the crop (Sharpley, 1993).  Due to the nutrient content of manure, P has often been added
in higher amounts than necessary for plant growth.  As a result, P can accumulate in
manure-amended soils.  High amounts of P in soils causes concern over the nutrient
content of agricultural runoff. 
Nutrients that are associated with agricultural runoff, such as N and P, are of
concern when discussing accelerated eutrophication of surface waters.  Eutrophication is
a natural process that is accelerated due to large inputs of nutrients into a body of water. 
N, C, and P are all necessary for eutrophication to occur.  More control measures focus on
P because C is freely exchanged between air and water and some blue-green algae are
able to fix atmospheric N (Sharpley and Withers, 1994).  However, in Tennessee N may
be more of a limiting nutrient for eutrophication because of the naturally high P content
of the waterways.
As total P in the soil is increased by manure application, so too is the plant
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available portion. The bioavailable fraction of soil P (BAP) is the amount of soil P that is
readily available for plant and algae uptake and contains dissolved and particulate P
(Sharpley, 1993). It is the most vulnerable fraction in runoff because it is mobile
(Sharpley and Smith, 1995). Hence, this fraction of soil P causes the most concern when
discussing excessive nutrient loading.
A number of extraction procedures have been developed to evaluate the plant
response to fertilizer P, sometimes and incorrectly termed plant available.  Chemical
extracts are currently the norm for evaluating this fraction of soil P and were developed
for agronomic uses to determine the amount of P present to attain economically
acceptable yields (Sims, 1993).  Chemical extractants are able to extract P by dissolving,
desorbing, exchanging, or hydrolyzing P-bound metals from clays, Fe and Al oxides,
carbonates, and organic matter (Sims, 1993).   In order for a chemical extractant to
provide results establishing BAP levels, the procedure must categorize soils by their
ability to respond to P fertilizer applications.  Chemical extractants are regional in nature
because they were developed to extract P from a characteristic compound of a specific
physiographic distribution of soils or significant database available to correlate potential
plant response to extractable P levels (Sims, 1993).  The chemical extractions are used to
interpret soil test levels of P for fertilizer recommendations by state and independent soil
testing laboratories. 
The use of chemical extractants is widespread.  Chemical extractants have several
disadvantages.  For example, their capability to measure BAP is defined by the specific
chemical(s) used and strong extractants tend to pull P from forms that are not truly plant
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available (Cooperband and Logan, 1994).  The design of most chemical extraction
methods is correlated to the soil P that will optimize crop production.  Therefore, they are
not suitable to measure the soil P that is available to aquatic plants responsible for
eutrophication (Sharpley, 1993).
Ion exchange methods, such as iron oxide-impregnated filter paper (Fe-oxide
strips) and anion exchange membranes (AEM), have recently been developed in lieu of
chemical extractants. The basis behind the Fe-oxide strip method is the formation of
fundamentally irreversible ligand bonds between the metal and phosphate anions that can
only be broken by using a relatively strong acid. The Fe-strips therein act as sinks for P
(Sharpley et al., 1994).  Anion exchange membranes work under a similar theory.  The
membrane is saturated with KCl and the Cl- ion is exchanged for H2PO4
- in a solution. 
Ion exchange methods have been shown to extract P from a wide range of soils under a
wide variety of management practices (Sharpley, 1993).  Fe-oxide strip extractable P has
been observed to be closely related (r2 = 0.96) to growth of P-starved algae in an
incubation study (Sharpley et al., 1994).  Therefore, based on theory and past research
efforts, ion exchange methods may give a more applicable measure of P available for
aquatic plant growth. 
Due to the concern over P and surface water pollution, regulators have discussed
the possible use of soil test P as a means of managing land use and nutrient management
planing for agricultural areas (Sims, 1998).  The potential imposition of a soil test P limit
above which no addition P could be added cause concern to agriculturalist who use
manure as a fertilizer source because more P tends to be added with manure than is
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necessary for crops in a single growing season.  Therefore, this study was conducted to
evaluate the extractable P concentration of soils in Tennessee that had received long-term
manure application.  The plant available portion of soil P was determined with nine
extraction procedures (H2O, 0,01M CaCl2, 0.1M NaOH, Mehlich-I, Mehlich-III, Bray-I,
Fe-oxide, AEM, and Olsen).  The data collected will be useful in examining the P content
of  Tennessee soils that have received long-term manure application.  The objectives of
this study were to (1) determine the extractable P concentrations of soils in Tennessee
that had received long-term manure application (>10 years) in the form of dairy, swine, or
poultry manure; (2) evaluate the differences in the P extracted using nine different
extraction procedures;(3) evaluate the distribution of the extractable P with depth; and (4)
compare results from chemical and ion exchange methods of measuring extractable P.
Materials and Methods
Soil samples were collected from 10 different farms in the state of Tennessee, four
swine, three dairy, and three poultry.  The farms were chosen from a list of farms sampled
by the University of Tennessee Extension Service for a preliminary survey of the P
content of manured soils in Tennessee.  The selected farms were chosen for their
manuring history and distribution throughout the state (Figure 3.1). Two fields were
sampled from each farm in depth increments of 0-7.5, 7.5-15, and 15-30 cm.  Paired
fields were sampled, one of the fields had receive manure application (8 to >20 years) and
one had not.  For detailed information about the manure application and crops grown on
each field refer to table 2.1.  All soil samples were air-dried and sieved (<2mm).  The soil
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Figure 3.1. Distribution of sampling sites throughout Tennessee and the physiographic regions.
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samples were then extracted using nine extraction methods, H2O, 0.01M CaCl2, Mehlich
I, Mehlich III, Bray-I, Olsen, 0.1M NaOH, AEM, and Fe-oxide strips (Copperband and
Logan, 1994, Kuo, 1996, Mehlich, 1984, Nelson, et al., 1953, Olsen et al., 1954,
Sharpley, 1993, and Wolf et al., 1985). 
A similar procedure was conducted for all of the chemical extractants. The soil to
solution ratio varied depending on the extractant and the P concentration of the soil 
(Table 3.1).  The samples were shaken on a reciprocal shaker.  Shaking time also varied
with the different extractants (Table 3.1).  All samples were filtered through Whatman
#42 filter paper.  The P content was measured colorimetrically by a modified ascorbic
acid method (Murphy and Riley, 1962; Kuo, 1996) on a Spectronic 401 
 Table 3.1. Chemical extractants and procedures followed for the majority of the
samples.
Common
Name Extractant
Soil
(g)
Soil/Solution
Ratio
Extraction
Time
(min.) Reference
Mehlich I
0.05M  HCl +
0.0125M  H2SO4 
2 1:10 30
Nelson e t al.,
1953
Mehlich
III
0.2N CH3COOH
+ 0.25N NH4NO3
+ 0.015N NH4F +
0.13N HNO3 +
0.001M  EDTA
2 1:10 5 Mehlich, 1984
Bray-I
0.03M  NH4F +
0.025M  HCl
2 1:10 5
Bray and Kurtz,
1945
Olsen 0.5M  NaHCO3 2 1:10 30 Olsen et al, 1954
NaOH 0.01M  NaOH 1 1:100 16 (hours) Wolf et al., 1985
Water deionized H2O 2 1:10 60 Kuo, 1996
Dilute salt 0.01M  CaCl2 2 1:10 60 Kuo, 1996
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spectrophotometer at 880 nm (Milton Roy, Rochester, NY).
Two of the nine extraction procedures were ion-exchange methods, AEM and Fe-
oxide strips.  The first step in the AEM procedure was saturation of the membranes with
Cl-.  This was done by soaking the membranes in 1M KCl overnight.  The membranes
were then rinsed with deionized water and placed in a 60-mL Nalgene bottle with soil and
deionized water.  The soil to water ratio was 1:10 with an initial soil weight of 2 g.  The
samples were shaken for 16 hours on a reciprocal shaker.  The membranes were removed
from the soil solution, rinsed and placed in clean bottles.  The H2PO4
- was extracted from
the membranes by shaking the membranes for 1 hour with 20 mL 1M KCl.  The P
concentration was measured using a modified ascorbic acid procedure (Kuo, 1996) using
a Spectronic 401 spectrophotometer at 880 nm (Milton Roy, Rochester, NY).
Iron oxide-impregnated strips were prepared by immersing Whatman #541, 15-cm
diameter filter paper circles in 10% (wt/vol) FeCl3@6H2O. The paper circles were then
dried and immersed in 2.7M NH4OH, which converts the FeCl3 to Fe-oxide.  The paper
circles were then air-dried and cut into 10-cm x 2-cm strips.  These strips can be stored
until use in a plastic bag (Sharpley, 1993).  
Impregnated Fe-oxide strips were placed in 60 mL Nalgene bottles with 1g of soil
and 40 ml 0.01M CaCl2.  The samples were shaken for 16 hours on a reciprocal shaker. 
The strips were removed, rinsed with deionizied water, and air-dried.  The P retained on
strips was removed by shaking the dried strips with 40 mL of  0.1M H2SO4 for one hour
(Sharpley, 1993).  The solution was filtered through Whatman #42 filter paper and the P
concentration was measured by a modified ascorbic acid procedure (Kuo, 1996) using a
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Spectronic 401 spectrophotometer at 880 nm (Milton Roy, Rochester, NY).
The data were statistically analyzed using the SAS system Version 8.  The
MIXED procedure was used for analysis of variance (ANOVA).  The least significant
difference (LSD) technique was used to determine mean separations.  Significance levels
of P<0.05 were used for all analysis (SAS Institute, 1989).  ANOVA tables for the
analysis can be found in table in the appendix.
Results and Discussion
The fields that had received manure applications had a significantly higher mean
extractable P concentration than the non-manured fields across all types of manure and all
extractants.  The mean for the manured fields in the 0-7.5 cm depth  was 192.3 mg P kg-1
while the non-manured fields had a mean of 58.7 mg P kg-1.  The mean extractable P
content for the three manure types were not significantly different from each other (data
not shown).  However, there is an increase in extractable P concentration with manure
application in all manure types.  These results confirm that long-term manure applications
increase the extractable P content of a soil.  As manure was applied each year, more P has
probably been applied than necessary to maximize crops growth.  Therefore, the
extractable P content of the manured fields should be higher than in the non-manured.
The estimates of extractable P content were significantly different depending on
the extraction procedures used.  The overall mean P concentrations in the 0-7.5 cm depth
for the nine extractants are illustrated in Figure 3.2.  The extractable P concentrations 
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Figure 3.2. Mean extractable P concentrations for the 0-7.5 cm depth averaged over all extraction procedures.
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using the nine extractants were also significantly different for manured and non-manured
fields (Table 3.2).  The general trend for P concentrations extracted by the nine extraction
procedures was as follows: NaOH, Bray-I, Mehlich-III, Mehlich-I, Fe-oxide, Olsen, AEM
, H2O and CaCl2, highest to lowest.  This trend was expected based on the variety of
chemicals used and strength of each extraction procedure.  For instance, Mehlich-I,
Mehlich-III, and Bray-I all use strong acids and other chemicals, such as NH4F, which
increases the amount of P extracted.  These acid-based extractants were also expected to
extract high concentrations of P from Tennessee soils because of the acidity of the native
soils.
In the 0-7.5 cm depth, we saw that NaOH, Mehlich-I, Mehlich-III, and Bray-I
extracted the same concentrations of P in the manured samples.  These four extraction
procedures extracted significantly higher concentrations of P hand all other extractions
procedures on manured and non-manured samples.  In the manured samples, Fe-oxide
extracted similar concentrations to Olsen, but no other extraction procedures.  Olsen on
the other hand also extracted P similar to AEM.  While H2O and CaCl2 extracted the
lowest concentration.  In the non-manured, NaOH along extracted the most P, while
Mehlich-I, Mehlich-III, Bray-I, Olsen, and Fe-oxide strips extracted similar lower
concentrations.  Again, H2O and CaCl2 extracted the lowest concentration in the non-
manured samples (Table 3.2).
In the second depths (7.5-15 cm), NaOH and Bray-I extracted the highest
concentrations of P when compared to all other extraction procedures for manured and
non-manured samples.  Mehlich-I and Mehlich-III were similar to Bray-I in manured and 
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Table 3.2. Mean extractable phosphorus concentrations in the 0-7.5 cm depth and
7.5-15 cm depth for manure treatments using nine extraction procedures.
Extractant Manured Non-manured
0-7.5 cm depth P concentration (mg kg-1)
NaOH 361 a† 172 b
Mehlich-I 345 a         82 cdeg
Mehlich-III 326 a         86 cdeg
Bray-I 365 a       100 bcdg
Olsen        104 bcdef        28 defg
AEM        51 defg      16 efh
Fe-oxide strips   167 bc       43 defg
H2O    10 gh      2 gh
CaCl2     4 gh      0 gh
7.5-15 cm depth
NaOH 233 a 137 bc
Mehlich-I 172 b    39 def
Mehlich-III 155 b   59 de
Bray-I  185 ab    44 def
Olsen    51 def  12 ef
AEM   32 ef   4 f
Fe-oxide strips   92 cd  15 ef
H2O      3 ef    0 f
CaCl2     0 ef    0 f
†Means followed by the same letter within each depth are not significant using LSD at
"=0.05.
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non-manured samples, but lower than NaOH.  Iron-oxide strips extracted similar amounts
P to Olsen in manure samples.  Olsen also extracted P concentrations similar to AEM,
H2O and CaCl2 in manured samples.  For the non-manured samples, all extraction
procedures extracted similar amount of P except for NaOH, which extracted a
significantly higher concentration (Table 3.2).  Therefore, in the second depth of the non-
manured samples, there was less variability in the P content extracted by all extraction
procedures.  This is probably due to the fact that there is only a small amount of P in this
depth of these samples because they have not received excessive amount of P with
manure application.  The P that has been applied has stayed more in the surface depth
whereas the P applied with manure may have leached further down in the profile.
As the depth increased, the extractable P concentrations decreased significantly
with the manured and non-manured samples.  However, the manured samples had
elevated concentrations of extractable P in the lower depths as compared to the 
non-manured samples (Table 3.2).  This shows there was some downward movement of P
in the fields that had received manure.  Manure applied P has been shown to move down
into the soil profile (Eghball et al., 1996, Kuo and Baker, 1982, and James et al., 1996)
therefore, the elevated extractable P concentration in the subsurface of the manured soils
was expected.  This can be attributed to the fact that some Po is associated with manure
application and P in this form tends to leach further in the profile than in Pi.
The majority of the chemical extraction procedures extracted greater
concentrations of P than the ion exchange methods.  The exceptions to this were H2O and
CaCl2 which extracted less P and Olsen which extracted similar concentrations as Fe-
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oxide strips.  Water and CaCl2 were expected to extract the least amount of P because
they were used to extract only the orthophosphate, solution P, which is the smallest
fraction of soil P.  Olsen is a NaHCO3 solution and was designed for alkaline soils,
therefore the acidity of these soils may have lessened it’s ability to extract P.  Chemical
extractants were expected to extract higher concentrations of P based on their means of
extracting P.  Ion exchange methods tend to use less intrusive procedures for extracting P
whereas chemical extractants extract P by dissolving, desorbing, exchanging, or
hydrolyzing P from clays, Fe and Al oxides, carbonates, and organic matter (Sims, 1993).
Of the two ion exchange methods, Fe-oxide strips extracted higher concentrations
of P than the AEM for the manured samples (Table 3.2).  This may be because the Fe-
oxide acts as a stronger sink for the phosphate ion than the AEM.  However, they
extracted statistically the same P concentration in the non-manured fields.  Ion exchange
methods may be more useful and accurate at extracting BAP from soil because they are
based on using metal oxides or quantunary ammonium cations as sinks for P rather than 
chemically extracting P from soil.
All extraction procedures were significantly correlated with each other (Table
3.3).  The lowest correlations were found between AEM and NaOH (R=0.6824), AEM
and CaCl2 (R=0.5925), and NaOH and CaCl2 (R=0.6621).  All other extraction
procedures were strongly correlated to each other (R$0.7000).  This is simply showing
that as P increases, all extraction procedures extract increasing P.  They do not necessarily
extract the same amount of P, but the trend is similar.
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Table 3.3. Correlation analysis of the nine extraction procedures. All correlation coefficients were significant at
P<0.0001.
NaOH Mehlich-I Mehlich-III Bray-I Fe-oxide Olsen AEM H2O CaCl2
NaOH ------ 0.92† 0.92 0.94 0.91 0.35 0.68 0.79 0.66
Mehlich-I 0.92 ------ 0.98 0.99 0.98 0.97 0.78 0.93 0.84
Mehlich-III 0.92 0.98 ------ 0.99 0.96 0.96 0.76 0.89 0.80
Bray-I 0.94 0.99 0.99 ------ 0.97 0.97 0.77 0.88 0.79
Fe-oxide 0.91 0.98 0.96 0.97 ------ 0.98 0.82 0.90 0.78
Olsen 0.94 0.97 0.96 0.97 0.98 ------ 0.84 0.89 0.73
AEM 0.68 0.78 0.76 0.77 0.82 0.84 ------ 0.73 0.59
H2O 0.76 0.93 0.89 0.89 0.90 0.89 0.73 ------ 0.89
CaCl2 0.66 0.85 0.80 0.79 0.78 0.73 0.59 0.89 ------
†Number represents the correlation coefficient.
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Conclusions
In conclusion, manure application has a definite impact on extractable P
concentrations of Tennessee soils.  However, the type of manure does not have a
significant effect on the concentration of extractable P.  Also, as expected, the majority of
applied P remains in the surface depth of the soils across all manure types.  However,
higher concentrations of P were found in the subsurface depths of the manured fields. 
The amount of P extracted was dependent on the extraction procedure used.  This is
attributed to the fact that each extractant measured P differently.
This study gives valuable information on how various chemical and ion exchange
extraction procedures work on a variety of Tennessee soils with and without manure
history.  The extreme range of extractable P concentrations using various extraction
illustrates the difficulty associated with trying to use only soil test P levels for land
management purposes.  This study will perhaps be beneficial to future researchers and
environmental regulators, if regulations are required on land application of manure based
on P.
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Part 4:
Using a P Index to identify field vulnerability 
for phosphorus movement in Tennessee
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Abstract
Animal manure has been used as a soil fertilizer for agricultural crops for many
years.  However, manure has been applied based on the nitrogen (N) need of the crop
grown, which can lead to over-application of phosphorus (P).  These excessive
applications of P can lead to greater risk for surface water contamination and
eutrophication due to P transported off-site by runoff and erosion.  The P index was
developed, first by Lemunyon and Gilbert, as a qualitative tool for assessing a site’s
vulnerability to P movement.  Two versions of a P index were used to calculate for 26
fields found at the University of Tennessee Dairy Experiment Station in Lewisburg, TN. 
Nine fields had received manure and 17 had not.  Version 1 is a direct modification on the
Lemunyon and Gilbert model P index and Version 2 uses a multiplicative step in order to
evaluate P movement.  Version 1 of the P index was sufficient at differentiating between
manured and non-manured fields because the application rate factor had the greatest
effect on the vulnerability rating.  However, Version 1 was unable to show benefits to the
implementation of best management practices (BMPs).  Version 2 was not able to
distinguish between manured and non-manured fields.  This was because the erosion rate
of the field had the most effect and application rate had little effect on the field’s
vulnerability rating. Therefore, version 2 is implying that there is no difference in the
runoff potential of manured and non-manured fields.  Version 2 was able to show benefits
from implementation of BMPs.  However, additional research, such as a runoff study, is
necessary to verify the results from the P index.
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Introduction
The application of manure to land is a common practice used for fertilization and
disposal.  However, when manure is continuously applied for extended periods (>10
years) excessive concentrations of phosphorus (P) can accumulate in the soil.  This is due
to manure being applied to the N need of the crop causing over-application of P. 
Excessively high P concentrations can lead to a greater risk for the contamination of
sensitive surface waters due to runoff and erosion (Sharpley et al., 1994).  
Phosphorus is found in dissolved (DP) and particulate (PP) forms in agricultural
runoff.  Dissolved P is the immediately plant available form in runoff.  Particulate P is not
as readily available, with 10-90% of PP in runoff being bioavailable.  However, PP makes
up the highest portion (75-90%) of P translocated  from cultivated lands (Sharpley et al.,
1993).  Therefore, PP potentially represents a long-term source of bioavailable P for
aquatic plants (Sharpley et al., 1994).
The amount of P moved off-site is affected by transport and source factors. 
Runoff and erosion are the two main transport factors.  The source factors include soil P
concentration and rate of application, and timing and method of P application (Sharpley
et al., 1993).  The P application parameters can be affected by the management practices
to the field. 
Due to the risk of P contamination of sensitive surface waters, best management
practices (BMPs) must be used to reduce P runoff.  However, it is more reasonable and
economical to identify specific sites that are highly vulnerable to P-losses and apply the
BMPs to those sites.  This would reduce the implementation of  remediation practices
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over a broad area.
The P indexing system was developed in order to identify sites that are at high risk
for P movement.  It was first developed by Lemunyon and Gilbert (1993) to be used as a
tool to assess the potential P movement vulnerability of a management area or watershed. 
The P index is a qualitative indicator of P movement, not an actual measure of P
movement off site (Stevens et al., 1993).  Also, this P index was developed on a general
basis that can be altered to meet regional needs.  The basic parameters used were chosen
for their influences on P availability, retention, management, movement, and uptake
(Lemunyon and Gilbert, 1993; and Sims, 1993).
Sharpley (1995) applied Lemunyon and Gilbert’s P index to sites in the Southern
Plains.  He found that the site vulnerability ratings calculated using the P index were
closely related to actual P runoff concentrations measured from the watersheds (R2 =
0.70).  Also, grassed sites rated low while row cropped sites rated medium overall. 
Therefore, management practices affected the vulnerability ratings of sites.  The P index
was also applied to the Dairy-McKay Hydrological Unit Area (HUA) in western Oregon
(Stevens et al., 1993).  This study found that the P index was able to distinguish sites that
were at high risk for P movement, but the index was not sensitive enough to show
potential benefits of using runoff and erosion control measures on the highly vulnerable
sites (Stevens et al., 1993).  These studies show that the P index is a valuable tool in
assessing a sites vulnerability to P movement.  However, alterations can be made to
improve the P index’s sensitivity to implementations of BMPs.
The objectives of this study were to evaluate two versions of a modified P-index
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on soils in Tennessee that had received dairy manure and inorganic fertilizer as P-sources
and to compare these two versions.
Materials and Methods
Soil samples were taken from 26 fields at the University of Tennessee Dairy
Experiment Station in Lewisburg, Tennessee.  The fields sampled were under a variety of
management practices.  All cropped fields were planted using no-till practices.  Nine of
the fields had received dairy manure either in the dry or slurry form and seventeen had not
received manure in at least 2 years.  All fields had received 50 kg ha-1 of diammonium
phosphate (DAP) fertilizer each spring before planting.  The method for all fertilization,
manure and inorganic, was broadcast with no incorporation.  There were 10 dominate soil
types associated with these fields, Armour, Arrington, Harpeth, Nesbitt, Stiversville,
Braxton, Egam, Hampshire, Marsh, and Talbott.  These soil series vary from being well
drained silt loam textures that are well suited for agriculture (Arrington) to well drained
clayey textured soil with shallow depth to bedrock (Talbott).  
Two modified versions of the Lemunyon and Gilbert index were used on the
fields.  Table 4.1 lists the features and the weighted values associated with each feature
for Version 1 of the P index. Version 2 contains the same features found in version 1,
except it doesn’t include soluble P and has a non-application width to surface water
feature included that is not in version 1.
Correlation analysis between the field factors and total vulnerability predictions 
was run on all data generated from Version 1 and 2 using the SAS system, version 8. 
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Table 4.1.  Field features and weighted factors used in the P index Version 1.
Field Feature Weighted Factor
1.  Hydrologic Soil Group 2
2.  Erosion Rate 3
3.  Field Slope 1
4.  Soil Test P Value 1
5.  Vegetative Buffer Width 3
6.  P2O5 Application Rate 3
7.  Soluble P 3
8.  Application Timing 3
9.  Application Method 2
Analysis of variance (ANOVA) was also used to determine the effect of manuring on the
P index value.  A significance level of P<0.05 was used for all analyses (SAS Institute,
1989).
Each of the features in this version of the P-index was used because of their role
in P movement off-site.  The hydrologic soil group is an indicator of the soils infiltration
rate.  A poorly drained soil has a higher risk of runoff and P movement.  The information
for this factor was derived from NRCS data using the dominant soil type.  Erosion is a
transport factor for P loss.  Erosion rates were calculated using the Revised Universal Soil
Loss Equation (RUSLE), estimating the erosion in tons ac-1 yr-1.  The average percent
slope in the field is an important factor when looking at P movement, however it was
considered in the RUSLE.  Therefore, it receives a lower rating separately.  Soil test P
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(STP) has been recently shown to play less of a role in P runoff as compared to other
transport factors (Moore, 1999).  Therefore, it has a weighted factor of 1.  The STP was
measured using Mehlich I extraction procedures (Kuo, 1996).  The width of the
vegetative buffer is used to determine the value rating.  Vegetative buffers are an effective
management practice that reduces P losses from fields to adjacent waterways (Patty et al.,
1997), therefore it had a weighted value of 3 in the P index Version 1.  The P application
rate is based on the amount of P applied in relation to removal rate by crops.  Soluble P is
the portion of P found in the manure that can be transported by water.  In P index Version
1, soluble P is measured as % of total P in the fertilizer source.  For cattle slurry, the
soluble P was assumed to be 81% of the total (Smith and Van Dijk, 1987).  The soluble P
in inorganic fertilizers was considered to be 100% of the total.  The P application method
and timing consider when and how P sources are applied to the field.  
The weighted factor of each feature is multiplied by the points from the value
rating.  Table 4.2 illustrates the value ratings for each feature.  There are 4 value ratings,
low, medium, high, and very high.  A rating is calculated for each feature.  These ratings
are then summed and a final field vulnerability is calculated (Table 4.3).  A vulnerability
of high or very high indicates a need for BMPs to reduce the rating to medium.
Version 2 of the P index was also used on the same fields as version 1. 
Phosphorus index Version 2 is a modified version that uses a multiplicative factor in
order to calculate the total P loss rating.  Many of the same factors used in Version 1 were
used in Version 2.  However, the factors are split into two parts.  Part A includes the 
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Table 4.2 Field features and the value ratings associated with each for P index
Version 1 (adapted from Lemunyon and Gilbert,1993).
Field Features 
(weighted factors in
parenthesis)
Field Feature Value Ratings
Low 
(1 point)
Medium
(2 points)
High
(4 points)
Very High
(8 points)
1.  Hydrologic Soil Group (2.0) A B C D
2.  Erosion Rate (3.0) (tons ac-1 yr-1) <3 3-6 7-15 >15
3.  Field Slope (1.0) (%) <2 2-5 6-12 >12
4.  Soil Test P Value (1.0) Low Medium High Very High
5.  Vegeta tive Buffer W idth (3.0) (ft) >29 20-29 10-19 <10
6.  P2O5 Application Rate (3.0)
(lbs/ac/ crop or crop
sequence/rotation)
less than 1.1
times soil
test
rec.(STR) or
crop
removal rate
(CRR)
1.1 to 2.0
times STR or
CRR
2.1 to 3.0
times STR or
CRR
3.1 to 4.0 times the soil
test rec. or crop removal
rate (IF APPLICATION
RATE IS DETERMINED
TO BE > 4.0 TIMES STR
OR CRR,  THEN ASSIGN
12 POINTS)
7.  Soluble P (3.0) <2 2-6 6.1-10 >10
8.  Application Timing (3.0) June-Sept. April, May,
Oct., March,
or Nov. w/
winter cover
March or
Nov., w/o
winter cover,
Feb. w/ winter
cover
Dec., Jan., Feb.
9.  Application Method (2.0) Injection Surface
applied and
incorporated
within 48 hrs.
Surface
applied and
incorporated
within 1
month
Surface applied and
unincorpora ted for greater
than 1 month
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Table 4.3. Field vulnerability ratings for phosphorus loss using P index version 1.
Total Points
from P
index Vulnerability Interpretation
<30 LOW potential for P movement from the field.  There is a low
probability of an adverse impact to water-bodies.
30-60 MEDIUM potential for P movement from the field.  The chance of
organic material and nutrient getting into water-bodies exists.  Buffers,
setbacks, lower manure rates, cover crops, crop residue practices alone
or in combination may reduce impacts.
61-112 HIGH potential for P movement from the field.  The chance of organic
material and nutrients getting to water-bodies is likely.  Buffers,
setbacks, lower manure rates, cover crops, crop residues, etc. in
combination may reduce impacts.
>112 VERY HIGH potential for P movement from the field and an adverse
impact on water-bodies.
transport factors of hydrologic soil group, erosion rate, vegetative buffer width, and non-
application width from surface water source. Source factors are included in part B. These
are soil test P value and P application rate, timing, and method.  Table 4.4 illustrates the
factors and how the value for  the P loss rating is calculated.  Notice that each factor is
not assigned a weighted value in P index Version 2.  The total site and management
values from parts A and B are calculated.  The values are then multiplied and a P loss
rating is assigned to the site.  The sites’ vulnerability is then interpreted by the total points
(Table 4.5).
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Table 4.4. Transport and source factors used in P index Version 2 and phosphorus
loss ratings for each.
Part A: Phosphorus loss potential due to site and transport characteristics
Transport
Phosphorus Loss Rating
Value
Low 
(1 point)
Medium 
(2 points)
High 
(4 points)
Very High 
(8 points)
Hydrolo gic Soil
Group
A B C D ______
Erosion R ate
(tons/ac/yr)
2 x (tons soil lost/acre/year) ______
Vegetative Buffer
Width (ft)
>29 20-29 10-29 <10 ______
Non-application
Width from Surface
Water s ource (ft)
>29 20-29 10-29 <10
______
Part A: Total Site Value: _________
Part B: Phosphorus loss potential due to source and management characteristics
Source
Phosphorus Loss Rating
Value
Low 
(1 point)
Medium 
(2 points)
High 
(4 points)
Very High
(8 points)
Soil Test P Value Low Medium High Very High ______
P App lication Rate
(lbs/ac/crop or crop
sequence rotation)
0.20 x ____ lbs P2O5 applied as commercial fertilizer
0.10 x ____ lbs P2O5 applied as manure, litter, biosolids
0.05 x ____ lbs P2O5 applied as alum amended poultry litter
______
Application Timing June-Sept April, M ay,
Oct, March,
or Nov. w/
winter cover
March or Nov.
w/o winter
cover
Dec., Jan., Feb.
______
Application Method Injected 2" Surface
applied and
incorporated
within 48
hrs.
Surface applied
and
incorporated
within 1 mon th
Surface applied
and
unincorporated
for greater than
1 month
______
Part B: Total Management Value: _________
Multiply Part A (______) x Part B (______) = _________P Loss Rating
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Table 4.5. Interpretations of the total phosphorus loss ratings points for P index
Version 2.
Total Points from
P Index
Generalized Interpretation of P Index Points for the Site,
Version 2
>75 LOW potential for P movement from the field.  There is a low probability of
an adverse impact to waterbodies.  Nitrogen-based nutrient management
planning is satisfactory for this site.
100-200 MEDIUM  potential for P  moveme nt from this field.  T he chance  of organic
material and nutrients getting into waterbodies exists.  Soil and water
conserva tion practice s as well as P m anageme nt practices w ill be helpful in
reducing the  risk of P mo vement and  potential wate r quality degra dation. 
Nitrogen-based nutrient management planning is satisfactory for this site.
201-300 HIGH potential for movement from the field. The chance of organic material
and nutrients g etting to waterb odies is likely unle ss remedial a ction is taken. 
Soil and water conservation practices as well as P management plans are
necessary to reduce the risk of P movement and water quality degradation.
>301 VERY HIGH potential for P movement from the field and an adverse impact
on waterbodies.  All nece ssary soil and water conservation p ractices, plus P
managem ent plants mus t be put in plac e to avoid th e potential for  water quality
degradation.
Results and Discussion
The total points calculated for each field and the resulting P movement
vulnerability rating for the P index Version 1 are listed in Table 4.6.  The means for
manured and non-manured fields using Version 1 of the P index were 107.8 and 78.0,
respectively and were significantly different.  The only factor that was significantly
correlated to the total P index value was application rate (r=0.88).  All other factors had
very low correlation to the total P index value.
It is the goal of the P index to determine the sites most vulnerable for P losses and
implement management practices based on the P index ratings to reduce the sites
vulnerability.  This is done focusing on the sites that received high or very high ratings 
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Table 4.6. Data for P index Version 1, field characteristic, values, total index rating, and interpretations.
Field HSG Erosion Slope STP Buffer  App Rate Sol. P Timing Method Total Interp.
1 4 3 2 8 3 3 24 6 16 69 H
2 8 12 2 8 12 3 24 6 16 91 H
3 4 6 2 8 12 3 24 6 16 81 H
4 4 3 2 8 12 3 24 6 16 78 H
7 4 6 2 8 3 36 24 6 16 105 H
8 4 6 2 8 3 3 24 6 16 72 H
9 4 3 1 8 12 3 24 6 16 77 H
11 4 3 1 8 12 36 24 6 16 110 H
13 4 3 2 8 12 3 24 6 16 78 H
15 4 3 2 4 3 36 24 6 16 98 H
16 4 6 2 8 12 3 24 6 16 81 H
17 8 6 4 8 3 3 24 6 16 78 H
19 4 6 2 4 3 36 24 6 16 101 H
21 4 6 2 4 12 3 24 6 16 77 H
22 4 12 2 8 3 3 24 6 16 78 H
23 8 3 4 8 3 3 24 6 16 75 H
24 4 6 2 8 12 3 24 6 16 81 H
25 8 6 2 8 3 36 24 6 16 109 H
27 8 3 8 8 24 36 24 6 16 133 VH
28 4 6 2 8 3 3 24 6 16 72 H
29 4 6 2 8 3 36 24 6 16 105 H
31 4 3 4 8 3 36 24 6 16 104 H
32 4 3 2 8 3 3 24 6 16 69 H
33 4 3 4 8 24 3 24 6 16 92 H
34 4 6 2 8 3 36 24 6 16 105 H
35 8 3 2 8 6 3 24 6 16 76 H
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and altering the field factors associated with the P index in such a way as to reduce the
rating from to medium or low.  In the case of Version 1, all fields received high or very
high ratings therefore, it is necessary to apply these practices to all the fields. 
The values for each factor, total points, and interpretations for each field are listed
for Version 2 in Table 4.7.  The manured fields had a mean total index points of 414.6
and the non-manured had a mean total index points of 447.2.  These means were not
significantly different.  
Transport factors were highly correlated to the total points for Version 2 (r=0.98). 
Therefore, as total site value increased the total points increased by the trend.  The
erosion field factor had the highest correlation (r=0.74) with Part A’s total site value. 
Source factors were slightly correlated to  total points (r=0.50).  Among the source
factors, phosphorus application rate had the highest correlation (r=0.73) to the Part B’s
total management value.   The other factors associated with both parts A and B were not
significantly correlated to the total points.
Three fields had medium interpretations, while the rest of the fields received high
or very high interpretations.  The erosion rate had the strongest effect on the total points
by effecting the total site value, part A.  Even though the buffer width and non-
application width from surface water factors were not strongly correlated, reductions in
the values for each could reduce the total site value.  The total management value for each
field could be reduced by altering the P application rate, timing, and method.
In order to evaluate the effects of BMPs on the P index, the application rate and
buffer width were altered for each field.  For application rate, the amount of manure 
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Table 4.7. Data for P index Version 2 field factors, values, total index points, and interpretations.
Field HSG Erosion Buffer Width Part A STP App Rate Time Method Part B Total Interp.
1 2 1.5 1 1 5.5 8 10 2 8 28 154.3 M
2 4 18.9 4 4 30.9 8 10 2 8 28 865.4 VH
3 2 6.8 4 4 16.8 8 10 2 8 28 471.2 VH
4 2 5.7 4 4 15.7 8 10 2 8 28 440.6 VH
7 2 12.3 1 1 16.3 8 13.4 2 8 31.4 511.3 VH
8 2 7.5 1 1 11.5 8 10 2 8 28 321.4 VH
9 2 3.1 4 4 13.1 8 10 2 8 28 366.3 VH
11 2 3.1 4 4 13.1 8 13.4 2 8 31.4 410.8 VH
13 2 5.9 4 4 15.9 8 10 2 8 28 446.5 VH
15 2 5.0 1 1 9.0 4 13.4 2 8 27.4 247.9 H
16 2 6.9 4 4 16.9 8 10 2 8 28 473.5 VH
17 4 12.4 1 1 18.4 8 10 2 8 28 516.1 VH
19 2 7.6 1 1 11.6 4 13.4 2 8 27.4 318.6 VH
21 2 9.1 4 4 19.1 4 10 2 8 24 457.6 VH
22 2 25.6 1 1 29.6 8 10 2 8 28 829.6 VH
23 4 5.2 1 1 11.2 8 10 2 8 28 313.5 VH
24 2 11.3 4 4 21.3 8 10 2 8 28 595.3 VH
25 4 8.9 1 1 14.9 8 13.4 2 8 31.4 466.3 VH
27 4 4.2 8 8 24.2 8 13.4 2 8 31.4 759.4 VH
28 2 5.6 1 1 9.6 8 10 2 8 28 267.9 H
29 2 10.7 1 1 14.7 8 13.4 2 8 31.4 461.7 VH
31 2 2.1 1 1 6.1 8 13.4 2 8 31.4 190.5 M
32 2 6.2 1 1 10.2 8 10 2 8 28 286.0 H
33 2 1.7 8 8 19.7 8 10 2 8 28 552.7 VH
34 2 7.6 1 1 11.6 8 13.4 2 8 31.4 365.2 VH
35 4 0.7 2 2 8.7 8 10 2 8 28 244.6 M
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applied remained the same, however the use of 50 units of DAP was subtracted from all
fields.  The buffer width was increased to 30 feet for all fields and  the non-application
width from surface water for was increased for Version 2.  Both versions of the P index
were recalculated and the interpretations were altered accordingly.  In Version 1, total P
index values were still significantly higher for the manured fields verses the non-manured
(Table 4.8).  The mean for the manured fields was 92.4 and 69.3 for the non-manured. 
The overall mean for the fields was reduced from 88.3 to 77.3.  However, this reduction
in total points did not lower any of the high field interpretations to medium, but did
reduce the very high field to high. 
The second calculation using Version 2 for the fields with the reductions, showed
that effect of manure continued to be non-significant (Table 4.9).  The means for the
manured and non-manured fields were 219.5 and 232.1, respectively.  The overall mean
for the fields was reduced from 435.9 to 223.9.  This reduction was significant for most
fields.  By reducing the P application and increasing buffer width, 14 fields were
interpreted as medium, 6 as high, and 6 as very high.  The fields that remained very high
were probably due to the high erosion potential rates of those specific fields.
This study showed that the P index Version 1 for Tennessee used in its current
form was able to separate fields that had the highest P application rate.  The fields
receiving manure as an additional P source had significantly higher P index values than
fields that did not receive manure.  This is seen in the correlation analysis where P
application rate was the only factor highly correlated with the total P index value using
Version 1.  The P index Version 1 indicated all fields would require BMPs to decrease 
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Table 4.8. Data for P index Version 1, field characteristic, values, total index rating, and interpretations after
alterations to buffer width and P application rate.
Field HSG Erosion Slope STP Buffer  App Rate Sol. P Timing Method Total Interp.
1 4 3 2 8 3 0 24 6 16 66 H
2 8 12 2 8 3 0 24 6 16 79 H
3 4 6 2 8 3 0 24 6 16 69 H
4 4 3 2 8 3 0 24 6 16 66 H
7 4 6 2 8 3 24 24 6 16 93 H
8 4 6 2 8 3 0 24 6 16 69 H
9 4 3 1 8 3 0 24 6 16 65 H
11 4 3 1 8 3 24 24 6 16 89 H
13 4 3 2 8 3 0 24 6 16 66 H
15 4 3 2 4 3 24 24 6 16 86 H
16 4 6 2 8 3 0 24 6 16 69 H
17 8 6 4 8 3 0 24 6 16 75 H
19 4 6 2 4 3 24 24 6 16 89 H
21 4 6 2 4 3 0 24 6 16 65 H
22 4 13 2 8 3 0 24 6 16 76 H
23 8 3 4 8 3 0 24 6 16 72 H
24 4 6 2 8 3 0 24 6 16 69 H
25 8 6 2 8 3 24 24 6 16 97 H
27 8 3 8 8 3 24 24 6 16 100 H
28 4 6 2 8 3 0 24 6 16 69 H
29 4 6 2 8 3 24 24 6 16 93 H
31 4 3 4 8 3 24 24 6 16 92 H
32 4 3 2 8 3 0 24 6 16 66 H
33 4 3 4 8 3 0 24 6 16 68 H
34 4 6 2 8 3 24 24 6 16 93 H
35 8 3 2 8 3 0 24 6 16 70 H
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Table 4.9. Data for P index Version 2 factors, values, total index points, and interpretations after alteration to buffer
width and P application rate.
Field HSG Erosion Rate Buffer Width Part A STP App Rate Time Method Part B Total Interp.
1 2 1.5 1 1 5.5 8 0 2 8 18 99.2 M
2 4 18.9 1 1 24.9 8 0 2 8 18 448.3 VH
3 2 6.8 1 1 10.8 8 0 2 8 18 194.9 M
4 2 5.7 1 1 9.7 8 0 2 8 18 175.2 M
7 2 12.3 1 1 16.3 8 3.4 2 8 21.4 348.5 VH
8 2 7.5 1 1 11.5 8 0 2 8 18 206.6 H
9 2 3.1 1 1 7.1 8 0 2 8 18 127.5 M
11 2 3.1 1 1 7.1 8 3.4 2 8 21.4 151.6 M
13 2 5.9 1 1 9.9 8 0 2 8 18 179.0 M
15 2 5.0 1 1 9.0 4 3.4 2 8 17.4 157.4 M
16 2 6.9 1 1 10.9 8 0 2 8 18 196.4 M
17 4 12.4 1 1 18.4 8 0 2 8 18 331.8 VH
19 2 7.6 1 1 11.6 4 3.4 2 8 17.4 202.4 H
21 2 9.1 1 1 13.1 4 0 2 8 14 182.9 M
22 2 25.6 1 1 29.6 8 0 2 8 18 533.3 VH
23 4 5.2 1 1 11.2 8 0 2 8 18 201.6 H
24 2 11.3 1 1 15.3 8 0 2 8 18 274.7 H
25 4 8.9 1 1 14.9 8 3.4 2 8 21.4 317.8 VH
27 4 4.2 1 1 10.2 8 3.4 2 8 21.4 217.9 H
28 2 5.6 1 1 9.6 8 0 2 8 18 172.2 M
29 2 10.7 1 1 14.7 8 3.4 2 8 21.4 314.6 VH
31 2 2.1 1 1 6.1 8 3.4 2 8 21.4 129.9 M
32 2 6.2 1 1 10.2 8 0 2 8 18 183.9 M
33 2 1.7 1 1 5.7 8 0 2 8 18 103.3 M
34 2 7.6 1 1 11.6 8 3.4 2 8 21.4 248.9 H
35 4 0.7 1 1 6.7 8 0 2 8 18 121.3 M
85
the P index ratings from high or very high to medium.
The P index Version 2 did not show significant differences between the manured
and non-manured fields.  It was unable to distinguish between fields that had received
significantly higher amounts of P fertilization.  However, this version essentially indicates
that even with higher P application rates, the runoff potential or transport factors are
controlling P loss.  This version did interpret three fields as having a medium rating,
meaning they could maintain current P application methods and rates with little potential
for P movement into waterbodies when compared to Version 1.  The application of soil
and water conservation practices is still recommended to further reduce the P movement
risk.  The fields interpreted as high or very high have a much greater risk of P movement
off site.  Therefore, conservation practices are strongly recommended to reduce the P
movement vulnerability.  The current P application methods and rates are not acceptable
and need alteration in order to reduce these sites vulnerability to P movement.  
Upon implementing reduced P application rates and increased buffer widths, the P
index values for all fields using both versions were reduced.  The alterations showed a
reduction from high or very high to medium for 11 fields using Version 2.  Also, only 6
of the fields remained in the very high ratings after alterations.  Version 1 did not show
the same reduction in ratings.  Even with the decreased point values, all fields remained
in the high rating.  Therefore, it would be necessary to initiate further BMPs, in order to
reduce the ratings, if Version 1 continued to be used.
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Conclusions
In conclusion, both versions of the P index predicted the fields to be highly or
very highly vulnerable to P movement off site.  However using Version 2, when buffer
widths and non-application widths to surface water are increased to 30 feet and DAP
fertilizer application was discontinued, the P index rating for the majority of the fields
could be reduced to medium for the original high or very high ratings.  This same
reduction in ratings was not  seen using Version 1 with the same alterations.  Therefore,
Version 2 was able to identify sites that are potentially vulnerable to P movement.  Also,
Version 2 was able to predict benefits in the vulnerability prediction when BMPs are
applied.  Version 1 does not predict the same benefits because P index ratings for all
fields remained in the high category after alterations.
This information will prove to be very valuable to Tennessee scientists working to
develop a viable P indexing system for the state.  The data generated from this study will
provide them knowledge of how both versions of  P-index are calculated from the
specific factors used.  Also, this study provides a look at how alterations in farming
practices would affect the predications of both versions.  However, additional research is
needed in order to verify the point totals and predictions calculated in this study.  A
runoff study that determines the actual P found in runoff water from the same fields and
how that data relates to the vulnerability predictions would give researchers a better
perspective on the P index and how well it is at predicting a sites actual vulnerability to P
movement. 
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Appendix:
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Table A.1. Particle size distribution for swine fields (A= manured, B= non-
manured).
Sample Depth (cm) % Sand % Silt % Clay Textural Class
S1-A 0-7.5 20.41 67.27 12.32 SiL
S1-A 7.5-15 19.55 69.30 11.15 SiL
S1-A 15-30 16.08 67.08 16.84 SiL
S1-B 0-7.5 21.50 67.04 11.45 SiL
S1-B 7.5-15 19.50 67.66 12.84 SiL
S1-B 15-30 17.58 65.24 17.18 SiL
S2-A 0-7.5 11.15 85.69 3.15 Si
S2-A 7.5-15 10.61 85.47 3.92 Si
S2-A 15-30 9.12 85.69 5.19 Si
S2-B 0-7.5 6.71 88.90 4.39 Si
S2-B 7.5-15 7.77 87.41 4.81 Si
S2-B 15-30 7.46 84.78 7.76 Si
S3-A 0-7.5 4.17 82.86 12.97 SiL
S3-A 7.5-15 11.09 76.44 12.48 SiL
S3-A 15-30 10.75 78.97 10.28 Si
S3-B 0-7.5 10.41 74.06 15.53 SiL
S3-B 7.5-15 6.23 76.06 17.71 SiL
S3-B 15-30 4.12 77.13 18.75 SiL
S4-A 0-7.5 23.65 62.98 13.37 SiL
S4-A 7.5-15 30.21 56.06 13.72 SiL
S4-A 15-30 23.96 61.30 14.73 SiL
S4-B 0-7.5 22.56 63.10 14.34 SiL
S4-B 7.5-15 30.66 59.44 9.90 SiL
S4-B 15-30 23.75 62.54 13.71 SiL
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Table A.2. Particle size distribution for dairy fields  (A= manured, B= non-
manured).
Sample Depth (cm) % Sand % Silt % Clay Textural Class
D1-A 0-7.5 4.98 74.34 20.68 SiL
D1-A 7.5-15 3.90 74.98 21.12 SiL
D1-B 0-7.5 10.35 69.80 19.85 SiL
D1-B 7.5-15 9.06 69.39 21.55 SiL
D2-A 0-7.5 5.27 83.05 11.68 SiL
D2-A 7.5-15 4.74 79.94 15.32 SiL
D2-A 15-30 4.26 79.43 16.32 SiL
D2-B 0-7.5 2.77 82.07 15.17 SiL
D2-B 7.5-15 4.04 82.55 13.42 SiL
D2-B 15-30 4.69 83.02 12.29 SiL
D3-A 0-7.5 23.92 58.64 17.44 SiL
D3-A 7.5-15 21.95 58.47 19.58 SiL
D3-A 15-30 15.71 60.95 23.34 SiL
D3-B 0-7.5 33.43 49.34 17.23 SiL
D3-B 7.5-15 28.61 50.76 20.63 SiL
D3-B 15-30 22.20 54.66 23.14 SiL
D4-A 0-7.5 19.49 64.97 15.53 SiL
D4-A 7.5-15 21.21 62.58 16.20 SiL
D4-A 15-30 14.95 64.49 20.56 SiL
D4-B 0-7.5 16.01 68.49 15.50 SiL
D4-B 7.5-15 12.48 69.61 17.91 SiL
D4-B 15-30 12.21 65.57 22.22 SiL
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Table A.3. Particle size distribution for poultry fields (A= manured, B= non-
manured).
Sample Depth (cm) % Sand % Silt % Clay Textural Class
P1-A 0-7.5 45.34 50.01 4.65 SiL
P1-A 7.5-15 43.73 47.79 8.48 SiL
P1-B 0-7.5 42.71 56.05 1.24 SiL
P1-B 7.5-15 42.40 50.76 6.84 SiL
P2-A 0-7.5 11.79 64.68 23.52 SiL
P2-A 7.5-15 12.45 64.01 23.54 SiL
P2-A 15-30 12.26 63.50 24.23 SiL
P2-B 0-7.5 14.93 67.90 17.17 SiL
P2-B 7.5-15 15.46 70.54 14.00 SiL
P2-B 15-30 13.06 70.30 16.64 SiL
P3-A 0-7.5 52.44 39.47 8.08 SL
P3-B 0-7.5 21.44 54.74 23.82 SiL
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Table A.4. Data from phosphorus fractionation for swine fields (A=manured, B=non-manured).
NaHCO3 Fraction NaOH Fraction
HCl
Fraction Residua l Microbial
Labile Al and Fe-bound Ca-bound
inorga nic total organ ic inorga nic total organ ic inorga nic organ ic inorga nic total organ ic
Sample Depth ---------------------------------------------------------------------mg kg-1---------------------------------------------------------------------------
S1-A 0-7.5 28.34 36.81 8.46 51.28 152.72 101.44 0.11 83.49 0.00 0.00 0.00
S1-A 7.5-15 16.64 21.40 4.76 41.90 87.48 45.58 0.00 71.48 2.07 2.24 0.17
S1-A 15-30 3.21 3.84 0.99 16.57 49.43 32.86 0.00 32.86 0.00 0.54 0.54
S1-B 0-7.5 18.05 21.12 3.07 46.66 131.89 85.22 0.06 67.59 0.00 0.81 0.81
S1-B 7.5-15 4.92 7.53 2.63 20.63 61.27 40.64 0.00 39.79 0.00 0.00 0.00
S1-B 15-30 0.84 3.66 2.82 13.45 40.70 27.25 0.00 29.28 0.84 0.00 0.00
S2-A 0-7.5 30.88 41.49 10.62 44.65 122.28 77.63 2.45 89.30 2.01 0.00 0.00
S2-A 7.5-15 28.25 39.92 11.66 42.01 103.69 61.68 2.43 102.61 0.00 0.00 0.00
S2-A 15-30 15.03 19.85 4.82 25.26 68.98 43.72 0.52 90.61 0.00 0.00 0.00
S2-B 0-7.5 22.92 25.19 2.27 32.86 93.91 61.05 1.52 90.41 1.44 0.00 0.00
S2-B 7.5-15 18.53 22.05 3.53 34.78 91.83 57.05 1.11 92.62 2.95 0.00 0.00
S2-B 15-30 13.91 15.75 1.85 27.90 77.65 49.75 2.23 83.26 2.77 1.24 0.00
S3-A 0-7.5 42.61 59.26 16.64 55.05 191.61 136.56 4.28 137.06 5.93 0.00 0.00
S3-A 7.5-15 13.98 24.14 10.15 28.25 104.84 76.60 0.11 92.35 2.01 0.00 0.00
S3-A 15-30 11.52 17.64 6.12 28.53 97.14 68.61 0.06 91.91 2.27 0.00 0.00
S3-B 0-7.5 1.96 14.66 12.70 14.10 73.28 59.17 0.00 98.37 1.40 0.00 0.00
S3-B 7.5-15 1.59 4.21 2.63 15.92 60.18 44.26 0.00 82.95 1.33 0.77 0.00
S3-B 15-30 0.56 3.13 2.57 19.60 63.52 43.92 0.00 83.59 0.54 2.00 1.46
S4-A 0-7.5 15.82 31.89 16.08 33.58 110.10 76.52 0.62 113.90 6.33 0.00 0.00
S4-A 7.5-15 7.91 18.65 10.74 31.36 121.19 89.83 0.00 72.71 1.15 0.00 0.00
S4-A 15-30 6.29 8.40 2.11 21.92 61.37 39.45 0.06 84.27 1.32 0.90 0.00
S4-B 0-7.5 10.98 17.09 6.11 26.66 89.57 62.91 0.49 103.76 1.61 0.00 0.00
S4-B 7.5-15 17.72 43.26 25.54 42.01 157.02 115.00 0.42 87.80 0.00 0.00 0.00
S4-B 15-30 4.88 10.30 5.42 25.74 79.85 54.10 0.00 70.06 1.44 0.19 0.00
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Table A.5. Data from phosphorus fractionation for dairy fields (A=manured samples, B=non-manured samples).
NaHCO3 NaOH Fraction
HCl
Fraction Residua l Microbial
Labile Al and Fe-bound Ca-bound
inorga nic total organ ic inorga nic total organ ic inorga nic organ ic inorga nic total organ ic
Sample Depth ----------------------------------------------------------------------------mg kg-1---------------------------------------------------------------------
D1-A 0-7.5 58.83 99.16 40.34 99.91 261.45 161.54 3.03 182.36 33.04 0.00 0.00
D1-A 7.5-15 68.34 87.73 19.39 74.73 201.58 126.85 1.73 160.66 0.00 0.00 0.00
D1-B 0-7.5 5.81 13.62 7.82 31.59 96.18 64.59 0.00 103.34 6.14 0.00 0.00
D1-B 7.5-15 1.86 7.59 5.73 23.19 84.08 60.89 0.06 82.96 0.60 0.47 0.00
D2-A 0-7.5 11.42 21.09 9.68 39.33 112.45 73.12 0.06 99.05 2.49 0.00 0.00
D2-A 7.5-15 5.22 19.17 13.95 26.61 77.65 51.04 0.00 87.72 0.30 0.00 0.00
D2-A 15-30 1.21 5.15 3.93 19.52 60.26 40.74 0.00 78.11 1.24 0.00 0.00
D2-B 0-7.5 17.78 24.25 6.47 27.41 92.73 65.32 0.22 110.05 2.02 2.28 0.26
D2-B 7.5-15 5.32 11.19 5.87 19.48 68.95 49.48 0.06 89.31 0.63 0.02 0.00
D2-B 15-30 2.05 2.30 0.26 17.16 52.62 35.46 0.00 72.80 1.12 2.01 0.90
D4-A 0-7.5 70.28 84.34 14.06 83.48 222.23 138.75 2.40 138.51 8.10 0.00 0.00
D4-A 7.5-15 42.93 51.75 8.82 55.96 163.54 107.58 0.17 109.65 0.00 0.00 0.00
D4-A 15-30 1.21 3.08 1.87 15.60 49.41 33.81 0.00 48.54 0.56 0.99 0.43
D4-B 0-7.5 56.05 62.85 6.80 58.03 182.02 123.99 1.02 135.40 0.00 0.21 0.21
D4-B 7.5-15 18.77 19.84 1.43 32.99 80.96 47.97 0.00 77.15 0.94 1.69 0.75
D4-B 15-30 2.87 3.94 1.07 15.19 40.70 25.51 0.00 43.48 1.06 1.49 0.43
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Table A.6. Data from phosphorus fractionation for poultry fields (A=manured, B=non-manure).
NaHCO3 Fraction NaOH Fraction
HCl
Fraction Residua l Microbial
Labile Al and Fe-bound Ca-bound
inorga nic total organ ic inorga nic total organ ic inorga nic organ ic inorga nic total organ ic
Sample Depth ----------------------------------------------------------------------------mg kg-1----------------------------------------------------------------------
P1-A 0-7.5 79.65 97.03 17.38 110.46 278.66 168.20 98.54 170.95 7.81 7.33 0.00
P1-A 7.5-15 45.98 61.08 15.09 73.62 192.89 119.27 9.68 110.24 0.00 0.00 0.00
P1-B 0-7.5 6.07 17.05 10.99 29.47 111.22 81.74 0.00 83.34 1.83 0.79 0.00
P1-B 7.5-15 5.80 12.07 6.26 30.88 105.86 74.98 0.00 45.39 2.33 0.28 0.00
P2-A 0-7.5 22.28 32.84 10.56 60.87 188.29 127.42 0.06 156.54 1.30 0.00 0.00
P2-A 7.5-15 2.86 7.16 4.29 33.69 94.90 61.21 0.00 122.48 1.99 2.94 0.95
P2-A 15-30 1.03 3.01 1.98 16.50 51.55 35.06 0.00 88.96 0.89 0.14 0.00
P2-B 0-7.5 15.20 28.77 13.57 55.85 190.65 134.80 2.58 155.24 1.01 0.00 0.00
P2-B 7.5-15 1.86 6.60 4.74 26.93 111.26 84.33 0.00 124.74 1.39 1.90 0.51
P2-B 15-30 0.10 2.15 2.06 18.50 62.37 43.88 0.00 100.70 1.79 1.28 0.00
P3-A 0-7.5 28.22 44.73 16.51 57.03 201.51 144.48 2.65 111.37 2.01 0.00 0.00
P3-B 0-7.5 1.12 8.53 7.41 17.11 91.74 74.63 0.00 58.00 0.06 0.00 0.00
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Table A.7. ANOVA tables from fractionation statistical analysis.
Variable NaHCO3 NaOH HCl H2SO4 Microbial
Pi Po Pi Po Pi Po Pi Po
manure type NS † NS NS NS NS NS NS NS
manure application <0.05 †† <0.05 <0.05 <0.05 NS <0.05 NS NS
type*manure NS NS NS NS NS NS NS NS
depth of sampling <0.0001 <0.0001 <0.0001 <0.0001 NS <0.0001 <0.05 NS
type*depth NS NS NS NS NS NS NS NS
manure *depth NS NS NS NS NS NS NS NS
type*manure*depth NS NS NS NS NS NS NS NS
†NS = not significant.
††Numbers represent the significance level.
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Table A.8. Data from chemical analysis for swine fields including total C, S, N, Po
and pH (A = manured and B = non-manured).
Sample Depth Total C Total S Total N pH Total Organic P
—cm--- ------------------g kg-1------------------ -------:g ml-1-------
S1-A 0-7.5 15.420 0.282 1.347 5.72 295.53
S1-A 7.5-15 10.610 0.265 1.022 6.00 143.67
S1-A 15-30 5.453 0.159 0.707 5.94 74.59
S1-B 0-7.5 8.598 0.063 0.736 5.98 135.97
S1-B 7.5-15 9.803 0.234 0.907 5.98 61.33
S1-B 15-30 8.484 0.110 0.764 6.04 37.96
S2-A 0-7.5 8.790 0.194 1.051 5.80 122.51
S2-A 7.5-15 8.027 0.189 1.001 5.62 150.62
S2-A 15-30 4.707 0.103 0.639 5.98 155.34
S2-B 0-7.5 7.742 0.252 0.998 5.94 145.24
S2-B 7.5-15 6.710 0.121 1.105 5.91 114.18
S2-B 15-30 5.550 0.174 0.907 6.12 159.51
S3-A 0-7.5 15.490 0.298 1.759 6.09 336.32
S3-A 7.5-15 9.180 0.225 1.219 6.19 237.80
S3-A 15-30 8.543 0.205 1.178 6.36 227.20
S3-B 0-7.5 16.810 0.172 1.887 5.51 180.11
S3-B 7.5-15 8.343 0.145 1.224 5.98 206.57
S3-B 15-30 7.478 0.187 1.193 6.00 140.80
S4-A 0-7.5 13.410 0.125 1.435 6.25 249.16
S4-A 7.5-15 8.178 0.245 1.014 5.71 234.16
S4-A 15-30 4.200 0.058 0.690 6.25 164.63
S4-B 0-7.5 7.630 0.097 0.934 6.26 187.07
S4-B 7.5-15 16.440 0.259 1.433 5.28 232.33
S4-B 15-30 5.683 0.134 0.714 5.47 246.37
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Table A.9. Data from chemical analysis for dairy fields including total C, N, S, Po
and pH (A = manured, B = non-manured).
Sample Depth Total C Total S Total N pH Total Organic P
—cm--- ------------------g kg-1------------------ -------:g ml-1------
D1-A 0-7.5 18.900 0.241 1.820 5.55 333.77
D1-A 7.5-15 15.290 0.247 1.582 6.13 322.55
D1-B 0-7.5 10.010 0.202 1.099 6.10 127.89
D1-B 7.5-15 7.912 0.187 1.058 6.11 229.63
D2-A 0-7.5 11.450 0.175 1.334 5.75 159.74
D2-A 7.5-15 9.099 0.168 1.145 5.80 131.41
D2-A 15-30 5.417 0.118 0.827 5.50 119.23
D2-B 0-7.5 15.690 0.258 1.626 6.34 209.98
D2-B 7.5-15 11.900 0.216 1.417 6.33 153.21
D2-B 15-30 5.877 0.113 0.934 6.33 60.11
D4-A 0-7.5 20.840 0.146 1.668 6.93 335.85
D4-A 7.5-15 13.340 0.134 1.216 6.95 243.11
D4-A 15-30 6.226 0.091 0.744 7.00 145.88
D4-B 0-7.5 29.070 0.140 2.255 6.97 334.34
D4-B 7.5-15 12.740 0.070 1.093 7.08 234.12
D4-B 15-30 7.399 0.034 0.739 7.12 92.20
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Table A.10. Data from chemical analysis for poultry fields included total C, N, S, Po,
and pH (A = manured B = non-manured).
Sample Depth Total C Total S Total N pH Total Organic P
—cm--- ------------------g kg-1------------------ -------:g ml-1------
P1-A 0-7.5 23.980 0.185 1.818 6.23 554.41
P1-A 7.5-15 15.240 0.147 1.229 6.30 411.15
P1-B 0-7.5 25.660 0.113 1.888 6.30 200.82
P1-B 7.5-15 11.350 0.129 0.981 6.40 128.48
P2-A 0-7.5 19.380 0.281 1.774 6.03 355.62
P2-A 7.5-15 11.280 0.145 1.235 6.24 254.82
P2-A 15-30 7.190 0.219 1.033 6.28 176.53
P2-B 0-7.5 18.320 0.248 1.840 5.99 385.37
P2-B 7.5-15 10.410 0.173 1.154 5.92 280.51
P2-B 15-30 5.831 0.101 0.801 5.99 139.76
P3-A 14.660 0.186 1.408 6.16 420.95
P3-B 19.190 0.252 1.848 5.88 124.38
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Table A.11. ANOVA tables for chemical statistical analysis.
Variable pH Total C Total N Total S Total Po
manure type NS† NS NS NS NS
manure application NS NS NS NS <0.05††
type*manure NS NS NS NS NS
depth of sampling NS <0.0001 <0.0001 <0.0001 <0.0001
type*depth NS NS NS NS <0.05
manure*depth NS NS NS NS NS
type*manure*depth NS NS NS NS NS
†NS = Not significant.
††Numbers represent the significant level.
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Table A.12. Data from microbial biomass P and phosphatase enzyme activity for
swine fields (A = manured, B = non-manured).
Phosphatase Enzyme Activity
Sample Depth Microbial Biomass P Acid Alkaline 
------cm----- --------mg kg-1--------- ------------:g g soil -1 hr-1-------------
S1-A 0-7.5 0.36 327.37 69.59
S1-A 7.5-15 0.00 125.89 40.71
S1-B 0-7.5 0.00 379.22 77.00
S1-B 7.5-15 0.00 185.15 59.22
S2-A 0-7.5 0.74 202.93 70.34
S2-A 7.5-15 0.79 343.67 60.71
S2-B 0-7.5 0.79 182.19 70.34
S2-B 7.5-15 0.58 551.08 69.59
S3-A 0-7.5 16.12 395.52 198.48
S3-A 7.5-15 3.26 142.93 82.93
S3-B 0-7.5 0.00 511.82 196.26
S3-B 7.5-15 0.00 335.52 211.82
S4-A 0-7.5 0.37 562.19 42.19
S4-A 7.5-15 0.00 148.85 119.22
S4-B 0-7.5 2.90 571.08 67.37
S4-B 7.5-15 0.00 254.78 16.26
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Table A13. Data from the microbial biomass P and phosphatase enzyme activity for
dairy fields (A = manured, and B = non-manured).
Phosphatase Enzyme Activity
Sample Depth Microbial biomass P Acid Alkaline
-------cm------- --------mg kg-1--------- ----------:g PNP g soil-1 hr-1----------------
D1-A 0-7.5 6.91 371.08 221.45
D1-A 7.5-15 0.78 301.45 327.37
D1-B 0-7.5 0.79 293.30 406.63
D1-B 7.5-15 0.00 223.67 202.93
D2-A 0-7.5 0.17 341.45 89.59
D2-A 7.5-15 0.00 347.37 86.63
D2-B 0-7.5 0.00 505.89 377.74
D2-B 7.5-15 0.00 279.22 128.11
D4-A 0-7.5 6.57 57.00 339.22
D4-A 7.5-15 0.00 315.52 178.48
D4-B 0-7.5 1.25 533.30 573.30
D4-B 7.5-15 0.00 334.78 166.63
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Table A.14. Data from microbial biomass P and phosphatase enzyme activity for
poultry fields (A = manured and B = non-manured).
Phosphatase Enzyme Activity
Sample Depth Microbial Biomass P Acid Alkaline
-----cm----- ------------:g PNP g soil-1 hr-1------------
P1-A 0-7.5 20.73 527.37 369.59
P1-A 7.5-15 8.07 268.11 168.85
P1-B 0-7.5 0.00 679.96 220.71
P1-B 7.5-15 0.00 253.30 46.63
P2-A 0-7.5 1.17 380.71 159.22
P2-A 7.5-15 0.00 242.93 88.85
P2-B 0-7.5 0.37 548.11 211.82
P2-B 7.5-15 0.00 314.78 50.34
P3-A 0-7.5 2.10 674.04 99.22
P3-A 7.5-15 1.00 261.45 24.41
P3-B 0-7.5 0.00 609.59 307.37
P3-B 7.5-15 0.00 196.26 112.56
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Table A.15. ANOVA tables for microbial statistical analysis.
Variable Microbial biomass P Phosphatase Activity
Acid Alkaline
manure type NS† NS <0.05††
manure application NS NS NS
type*manure NS NS NS
depth of sampling <0.05 <0.001 <0.0001
type*depth NS <0.05 <0.01
manure*depth NS NS <0.01
type*manure*depth NS NS <0.05
†NS = not significant.
††Numbers represent significance levels.
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Table A.16. Data from all phosphorus extractants for swine fields (A=manured and B = non-manured).
Samp le Depth Mehlich-I Mehlich-III Bray-I Olsen AEM Fe-oxide H2O CaCl2 NaOH
------cm------ -------------------------------------------------------------mg kg-1-------------------------------------------------------------------------------
S1-A 0-7.5 163.18 195.81 219.83 59.89 21.72 68.81 2.22 0.00 322.54
S1-A 7.5-15 94.58 79.71 97.78 26.06 12.45 41.71 1.17 0.00 204.75
S1-A 15-30 4.01 6.35 9.40 1.84 0.01 0.00 0.00 0.00 69.27
S1-B 0-7.5 123.68 156.46 188.83 23.30 16.70 40.49 0.00 0.00 244.91
S1-B 7.5-15 27.04 22.19 23.08 5.69 1.04 8.43 1.04 0.00 90.43
S1-B 15-30 9.65 4.11 10.30 1.40 0.01 0.45 0.00 0.00 48.38
S2-A 0-7.5 181.20 221.47 249.85 67.93 39.74 130.43 5.36 0.17 262.11
S2-A 7.5-15 165.58 184.63 228.08 53.65 24.45 95.41 2.08 0.00 179.69
S2-A 15-30 61.41 38.15 35.89 16.89 8.83 39.69 0.00 0.00 126.22
S2-B 0-7.5 81.18 81.76 53.86 25.89 24.01 57.55 1.04 0.00 173.16
S2-B 7.5-15 75.08 74.28 46.13 24.18 17.39 55.18 0.00 0.00 173.33
S2-B 15-30 59.20 53.79 36.21 17.38 14.53 39.93 0.00 0.00 129.77
S3-A 0-7.5 288.68 277.87 291.01 104.52 91.38 203.48 12.24 2.63 312.87
S3-A 7.5-15 70.05 52.64 46.07 23.46 27.12 36.14 0.78 0.00 133.31
S3-A 15-30 50.25 40.12 35.75 21.66 23.79 26.93 0.26 0.00 136.78
S3-B 0-7.5 5.02 0.00 8.75 3.96 0.94 4.83 0.00 0.00 82.67
S3-B 7.5-15 2.99 0.00 4.03 0.96 0.47 0.00 0.00 0.00 66.78
S3-B 15-30 2.73 0.02 3.13 0.96 0.24 0.00 0.00 0.00 80.81
S4-A 0-7.5 98.24 130.70 158.85 41.15 31.93 46.12 0.52 0.00 162.09
S4-A 7.5-15 44.36 47.91 50.44 16.10 5.17 11.99 0.00 0.00 131.67
S4-A 15-30 28.05 21.80 23.21 7.89 7.69 6.65 0.00 0.00 91.71
S4-B 0-7.5 53.91 44.32 47.48 11.79 17.65 18.49 0.00 0.00 126.69
S4-B 7.5-15 95.43 100.76 96.91 34.59 17.02 43.51 0.26 0.00 224.21
S4-B 15-30 26.81 31.84 28.29 9.13 1.17 3.95 0.00 0.00 129.44
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Table A.17. Data from all phosphorus extractants for dairy fields (A = manured and B = non-manured).
Samp le Depth Mehlich-I Mehlich-III Bray-I Olsen AEM Fe-oxide H2O CaCl2 NaOH
------cm------ ---------------------------------------------------------------------mg kg-1----------------------------------------------------------------------
D1-A 0-7.5 544.55 477.31 557.80 174.14 128.15 262.61 13.32 5.85 461.44
D1-A 7.5-15 333.47 338.59 399.52 126.83 106.11 200.00 6.40 0.00 329.82
D1-B 0-7.5 25.32 16.39 28.98 10.47 12.45 11.13 0.00 0.00 164.61
D1-B 7.5-15 9.90 2.57 10.79 2.23 0.93 1.33 0.00 0.00 137.16
D2-A 0-7.5 83.43 106.65 132.48 37.58 18.56 33.18 0.00 0.00 216.14
D2-A 7.5-15 17.37 10.39 16.82 9.14 4.71 5.75 0.00 0.00 128.40
D2-A 15-30 5.81 0.25 5.83 2.24 45.54 0.00 0.00 0.00 86.18
D2-B 0-7.5 67.04 57.21 58.46 29.42 37.89 52.51 0.00 0.00 133.64
D2-B 7.5-15 26.78 11.47 15.43 6.14 9.06 12.92 0.00 0.00 74.05
D2-B 15-30 5.29 0.00 4.71 0.97 0.01 0.00 0.00 0.00 78.62
D4-A 0-7.5 487.18 386.18 415.30 137.54 68.69 213.91 24.30 7.56 408.38
D4-A 7.5-15 240.59 212.96 258.33 81.31 35.87 123.48 8.10 0.00 346.42
D4-A 15-30 12.78 27.73 8.92 3.07 0.00 0.00 0.00 0.00 75.86
D4-B 0-7.5 304.61 287.01 325.44 99.16 44.54 156.52 15.41 3.62 231.66
D4-B 7.5-15 77.45 280.77 167.30 30.82 9.84 30.40 1.83 0.00 187.88
D4-B 15-30 15.88 13.12 13.88 4.79 0.00 3.11 0.78 0.00 73.18
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Table A.18. Data from all phosphorus extractants for poultry fields (A = manured and B = non-manured).
Sample Depth Mehlich-I Mehlich -III Bray-I Olsen AEM Fe-oxide H2O CaCl2 NaOH
------cm------ ----------------------------------------------------------------mg kg-1----------------------------------------------------------------------------
P1-A 0-7.5 969.63 877.03 943.10 215.19 94.28 434.78 32.46 21.17 646.52407
P1-A 7.5-15 419.72 373.61 436.78 97.38 24.19 231.30 5.99 0.00 421.12822
P1-B 0-7.5 13.97 55.40 37.81 9.11 0.00 16.00 0.00 0.00 128.78178
P1-B 7.5-15 58.63 67.11 52.88 10.04 0.00 17.57 0.00 0.00 153.12647
P2-A 0-7.5 209.69 198.06 228.58 73.28 1.58 90.78 2.61 0.00 374.59336
P2-A 7.5-15 31.45 8.36 16.36 5.72 0.00 10.43 0.00 0.00 121.68197
P2-A 15-30 2.27 0.00 1.35 1.36 0.00 0.00 0.00 0.00 78.119586
P2-B 0-7.5 125.09 134.76 158.41 51.86 0.44 55.26 2.22 0.00 333.57214
P2-B 7.5-15 15.09 7.54 14.60 5.21 0.00 2.21 0.00 0.00 136.40168
P2-B 15-30 3.03 0.00 1.57 1.37 0.00 0.00 0.00 0.00 101.726
P3-A 0-7.5 258.80 264.90 315.53 88.45 6.29 128.70 4.44 0.00 342.84862
P3-B 7.5-15 8.05 14.82 62.26 2.21 0.00 0.00 0.00 0.00 83.576617
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Table A.19. ANOVA tables for extractants statistical analysis.
Variable 0-7.5 cm depth 7.5-15 cm depth
manure type NS † NS
manure application <0.05 †† <0.05
type*application NS NS
extraction procedure <0.0001 <0.0001
type*extraction NS NS
application*extraction <0.0001 <0.001
type*application*extraction NS NS
†NS = not significant.
††Numbers represent significance levels.
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